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Region II—D. L. Angus, Regional Director 
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Man., Ont., Sask. Manitoba A. Leiterman W. Frederiksen 
-, Ont. Montreal G. E. Forget H. G. S. Murray 
t. Niagara Peninsula G. E. Elliott W. M. Carr 
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Region IX—Fred Janssen, Regional Director 
G. H. Jackson . H. Brooks 
Nebr., N. Dak ,S. Dak. Nebraska Cc. L. = k. W. Scott 
ex New Mexico v 5 — R. P. Lee 
Colo., Mont., Wyo. Rocky Mountain L. D. Niblack H. R. Deming 
yo. Utah C. E, Warren i N. Eichers 
Wichita F. W. Osborn . Peugh 
Region X—T. J. White, Regional Director 
B. C., Yukon Terr. British Columbia C. H. White W. F. he =< 
Ariz. Central Hight S. A. F: 
Golden Gate . C. Pribuss D. A. Delaney 
Idaho, Wash Inland iP R. B. Campbell . L. Harvey 
Wash. Oregon E. S. Constant L. 
Wash. Puget K. G. Massart . R. Kiri 
Calif., Nev Sacramento Valley W. B. Lander L. S. Stecher 
Calif., Mex. san Diego S. A. Bayne H. A. Smith 
Calif. San Joaquin R. Cod W. L. Grotzke 
Calif., Nev. Sou! California W. L. Holladay i C. Hall 
Ariz. D. D. Shipley R. Palmer 
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Long Range Planning: J. D. Kroeker, Chairman; D. D. Wile, Vice Chairman; F. H. 
Faust, P. B. Gordon, E. R. Queer, S. J. Williams. 


Advisory Board: All living Past Presidents. 


Admissions and Advancements: F. H. Buzzard, Chairman; G. J. Finck, Vice Chairman; 
J. W. Chandler, D. H. McCuaig, W. J. Olvany, M. C. Turpin. 


Charter and By-Laws: F. H. Faust, Chairman; W. Cooke, Vice Chairman; Fred 
Janssen. 

Education: J. B. Chaddock, Chairman; Merl Baker, Vice Chairman; B. W. Farnes, 
M. Kalischer, R. G. Nevins. 


Exposition: J. W. James, Chairman; H. F. Spoehrer, Vice Chairman; P. K. Barker, 
L. N. Hunter, R. tdanabe, D. Petrone, P. J. Marschall, ex-officio. 
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Kayan, M. W. Keyes, P. J. Marschall, S. P. Soling, P. N. Vinther, V. D. Wissmiller, 
G. R. Munger, ex-officio. 

Honors and Awards: W. L. Holladay, Chairman; A. J. Hess, Vice Chairman; 
L. Buehler, Jr., J. H. Fox, A. C. Gowdy, W. R. Woolrich. 4 


International Relations: R. C. Jordan, Chairman; C. F. Kayan, Vice Chairman; 
L. Amman, A. J. Dangoia, J. Galazzi, H. Parli, A. Rebel, A. Silvera, Zurich corres- 
pondent, ex-officio; Panama correspondent, ex-officio. 

Meetings Arrangements: P. J. Marschall, Chairman; C. L. Hall, Vice Chairman; P. K. 
Barker, G. W. F. Myers, T. J. Phillips, E. K. Wagner, J. W. James, ex-officio; Meetings 
Chairmen: C. R. Gardner, H. L. Gragg, V. J. Johnson, A. C. Martin; Julia Szabo, 
Secretary. 

Membership Development: K. M. Newcum, Chairman; G. W. F. Myers, Vice Chair- 
man; W. L. Algie, T. J. Crider, Axel Marin, H. P. Tinning. 


Nominating—1960-1961: C. M. Ashley, Chairman; R. A. Baker, L. C. Burkes, J]. R. 
Caulk, Jr., F. R. Denham, D. S. Falk, B. W. Farnes, S. F. Gilman, C. L. Hall, J. K. 
James, D. M. Mills, H. G. S. Murray, R. K. Rouse, R. A. Sherman, W. A. Si 
Charles Torry, P. N. Vinther, R. M. Westcott. 


Professional Development: C. M. Ashley, Chairman; L. Buehler, Jr., Vice Chairman; 
C. S. Field, W. Harris, G. B. Rottman, J. G. Woodroof. 


: R. A. Line, Chairman; Lincoln Bouillon, Vice Chairman; R. S. Buchanan, 
G. F. Carlson, W. E. Fontaine, J. B. Graham, E. N. Johnson, D. L. Lindsay, W. R. 
Moll, C. W. Pollock, R. G. Raney, E. J. Von Arb, J. A. McLean, Jr., ex-officio. 


Research Exhibit: John A. McLean, Chairman. 


Publications: G. R. Munger, Chairman; W. P. Chapman, Vice Chairman; W. J. 
Collins, Jr., H. G. Gragg, J. P. McDermott, C. W. Phillips, W. V. Richards, L. K. 
Warrick, F. Y. Carter, ex ; P. B. Christensen, ex-officio. 


Public Relations: R. G. Werden, Chairman; V. D. Wissmiller, Vice Chairman; B. W. 
Farnes, K. Gould, T. V. Johnson, P. B. Redeker. 


Research and Technical: E. P. Palmatier, Chairman; N. B. Hutcheon, Vice Chairman; 
H. W. Al F. H. Bridgers, S. F. Gilman, F. K. Hick, M.D., V. J. Johnson, W. T. 
Pentzer, R. M. Stern, A. G. Wilson, E. R. Wolfert, P. H. Yeomans. 
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Research Committees 


oem, C. R. Hiers, F. B. Holgate, D. H. 
Krans, D. Lemmerman, R. E. Parker, W. L. 
Rogers, L. Wells. 


Research Advisory Committee #2-Mass 
Transfer: Chairman: a. F. Gilman, Vice Chair- 


man: J. B. Graham, F. 
ws. Harris, F. A. 

Research P, : Chairman: A. O. 
Bi R. Carroll, J. W ae R. R. 

L. iiadoey, R. B. Luhnow, Jr., D. 
w. K. Schlentner, E 
E. R T N. Westphal. 
Advisory Energy 
Conversion: Chairman: N. B. Hui Vice 
Chairman: M. W. McRae, D. W. Locklin, E. O. 
Olson, R Wright. 


Brouha, A. s. Gates, Jr., T. F. Hatch 


L. lecora, Me . Staebler, P. W. Wyckoff. 


Committee # 
. Wolfert, Vice Chairman: 
4 F. E. Medon, 
O. Walker. 


Advisory 
man: E. F. Snyder, ad bers. JE. 


Dube, L. N. Hunter, S. Maxim 
Solvason. 
Research Panel— : Chair- 


Buchberg, G. H. Green F. Eayen, cB 
Monk, Jr. w. 


r., L. Nelson, H B. Nottage, P. 
Yeomans. 
Panel on Food and Food Tech- 
Brody, J. H. r% W. A. 
Wiles D. Wile, x 
Panel On 
Charts: Chairman: Jr., Goff, 
William Goodman, H Pal- 
matier, J. L. Thecikela, 


Technical Committees 


Group 1—Basic Theory and Materials—G. S. 
McCloy, Coordinator 


. A. Whitese’ r. 
N. E. Hopki 


Deuker, 
Staebler, E. W. 

1.2 Thermodynamics: C. T. Ashby, 
G. E. Eggleston, J. Kronsbein. 


Psychrometrics: Chairman: W. P Mc- 
Graih, Kato, O. J. Parsons, J. G . Reid, 
Jr., J. L. Threlkeld. 
14 Thermoelectricity: Chairman: E. R. 
A. P. R. L. Eichhorn, W. V. 
G. D. Hudelson, Howard Kasch, H. E. 
Keeler. J. A. F. Phillips, L. A. 
15 pag and W Chair- 
man: W. L. H ay, R. E. Ball, L. W. Crow, 
D. L. Fiske, W. S. , O. L. 
tt . J. Radle, W. T. Smith, . 8. 


1.7 Solar Energy Utilization: 
Khanna, G. O. ae Pleijel, Maria 
Telkes, J. L. Thecikela’G . T. Ward. 


18 wee and Control: Chair- 


man: B. A. Phillips, E. A. Beacham, B. F 
Edman, R. C. —_ C. O. Hutchinson, 
D. E. Kvalnes, W. O. 

1.9 Refrigerants and 


1.10 Brines: Chairman: W. O. Walker, J. D. 
Bopp, A. H. Lawrence, Jr. 


Munger, E. L. Perrine, 
. Solvason, C. M. 


Reed, D. J. Renwick, B. ES Short. 


| 
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Research Advisory Committee st-ow Research Panel—Odors: Chairman: H. L. 
Transfer: Chairman: D. D’Eustachio, P. E. Barnebey, Vice Chairman: C. J. D’Angio, H. A. ; 
Glaser, A. F. Hubbard, F. J. Powell, D. G. Belyea, Cc. M. Bosworth, R. L. Kuehner, E. H. 5 
Rich, A. G. Wilson. Lindemann, W. H. Matz, D. E. Melzard, J. S. i 
Nader, F. J. Pilgrim, L. A. Staebler, A. L. } 
Research Panel—Sound and Vibration Control: Thayer, Jess Thomas, Amos Turk, Warren 4 
Chairman: A. F. Hubbard, C. M. Ashley, Sydney Viessman. 
Research 
Chairman: 
Vild, R. C 
Munger, wi 7 
Research Panel—Contaminants in R era- : 
tion Systems: Chairman: E. R. Wolfert, J. D. } 
Bopp, H. M. Elsey, D. E. Kvalnes, H. O. 
R. N. Stenerson, V. A. Williamitis, 
. F. Wischmeyer. 
Research Advisory Committee #4—Environ- 
ment: Chairman: W. T. Pentzer, Vice Chair- F 
man: R. G. Nevins, F. K. Hick, B. P. Morabito, 
L. J. Pecora, R. D. Touton. Hd 
Research Panel—Physiological Research and 
Human Comfort: Chairman: R. G. Nevins, Vice 
| 
t 
| 
1.11 Thermal Insulation and Vapor Barriers: | 
Chairman: C. F. Pridmore, Secretary: F. i p 
Powell, J. M. Barnhart, W. P. Ellis, G. A. j 
Erickson, C. E. Ernst, R. N. Kennedy, R. A. I 
LaCosse, Ma 
Vv. L. Miller, G. 
Thom, K. H. Watts. K. M. Ritchie, K. | 
heimer. 
1.6 Combustion and Fuels: Chairman: E. O. 
Olson, N. A. Buckley, K. T. Davis, W. B. Kirk, 
E. R. Kropp, A. A. Marks, W. M. ys. Jr., 
C. H. Neiman, Jr., W. W. Popyk, R. W. Sage. 


and Desiccants: Chairman: 
Barnebey, O. D. 
E. Emley, Jr., E w. 

T. 


Anthony Hass, G. A. Kelley, R. McLaughlin, 
H. E. Parker, T. G. Roehner, G. L. Simpson, 
W. O. Walker. 


Coordinator 

2. 
Nissley, H. P. Soumerai. 

2.2 and Axial sa Com 
H. Caswell, C. Macaluso. 


2.3 em and Steam Jet Refrigeration: 
Chairman: P. Whitlow, P. 
G. y- Bell, Louis Leonard, H. L. Smith, Jr., 

pencer. 


2.4 Coils, Fan-Coil Units, Air-Cooled Con- 
densers: ‘<< oe: O. J. Nussbaum, R. M. 
Armstrong S. J. Gianni, B. P. 
Morabito, "Cc. Smith, W. R. Yeary, D. B. 


2.5 Liquid Heat ‘Water 
Condensers: 
Chamberlain, C. Drake, Hi 


2.6 Water Conservation uipment, Water 
Treatment: Chairman: W. Spirent D. R. 
Baker, T. Facius, F. W. McKenna, R. H. 
Savage, R. M. Westcott. 


2.7 Air Distribution Eq 
Chairman: Wolf, Vice Chairman: W. O. 
Huebner, J. 3 Borry, E. I. Curley, we Cc. 

. L. Graham, F. B. —— Ww. 
Kennedy, Alfred Koestel, E. 2” Kurek, B. P. 
Morabito, J. B. Olivieri, L. Phillips, R. D. 
Tutt, Fred Vogt, H. 


Penney, C. B. Rowe, C. 
Sutton, J. R. Swanton, Jr., W. J. 


Group 3—Auxiliary Equipment-V. D. Wiss- 
miller, Coordinator 


3.1 Controls and Valves: A. 
Schenk, D. C. Albright, E. - Beling, W. P. 
; i A. Gustafson, E. F. 
Kounovsky, J. E. Kumier, s. = Miller, Jr., 
P. O. Penn, C. C. Rockwell, 
D. S. Sterner, G. L. Tuve, C. Young. 


3.2 Motors and Motor Starters: Chairman: 
A. P. Fay, E. C. Kennedy, C. W 


Kuhn, W. 
. Gardner, +: hy, D. E. 
Perham, . Richards, Teske. 


3.4 Instruments and Instrumentation: Chair- 
man: H. M. Hochreiter, H. A. Sholl, F. A. 
Thomas, B. Willach. 


Group 4—Systems—S. W. Brown, Coordinator 
4.1 Comfort and Industrial Air Conditioning: 


Wk A. Lotz, O. J. Schmidt, 
H. K. Steinfeld, V. D. Wissmiller. 

4.2 Marine eration and Air Condition- 
ing: Chairman: L. L. woeeg, S. W. Brown, 
H. E. Parker, James Scott, L Starr. 


H. E. Rex, H. P. Soumerai. 
4.4 Air Cycle Refrigeration: Chairman: L. G. 
Desmon. 


4.5 Hot Water and Steam ~- Chairman: 


R. M. Stern, G. F. Carlson, 44 Chewning, 
R. Carroll, C. E. “Hagoen, Kaulfuss, 
B. Mitten J. D. 

Pierce, E. R Te 


Chairman: W. L. McGrath, 
R. fing Baker, C. W. Cheatham, 
F. Gi 


¢ 


5 Calculation and 
Chairman: D. R. = E. R. Ambrose, 
D. L. Angus, Merl —— T. Baum, W. A. 
Biddle, J. V. Borry, R. B. Campbell, C. W. 
Coblentz, C. J. Danowitz, E. L. m, W. G. 
ane, T G. R. Munger, H. G. S. 
Murray, I. A. Naman, G. B. iester, D. B. 
Turkington, F. H. Vann, A. G. Wilson, W. R. 


Palmer, M. A. Ramsey, P W. Wyckoff, R. G 
Yeck. 

6.2 A 


coustics and Vibration Control: Chair- 

man: R. E, ag P. K. Baade, J. B. Chaddock, 

Hardy, C. A. Hathaway, F. B. — 
meres A. W. Schach, Z. 


Syuiltace W, 
6.3 Odor Causes and Control 


6.4 Industrial Environment: Chairman: K. E. 
Robinson, J. J. Burke, F. N. ae a L. 
. &. ulfuss, C este: 
George Waiden, Jr., R. M. Warren, Jr., E. 
Williams. 


H. J. Thompson, R. G. ¥ 
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1.13 Sorbents 
R. J. Getty, H. 
{ W. P. Cummings 
Group _2—Basic_Equipment-H. P. Soumerai, 4.3 Ultra-Low Temperature Systems and Test 
Chambers: Chairman: D. Missimer, C. T. 
Ashby, -P. H. Brandt, G. F. | lark, C. F. Conrad, 
| J. 
i Graziano, G. C. Hall, C. W. Phillips, W. T. 
Smith, R. G. Werden. : 
4.7 Electric Heating: Chairman: 
E. R. Ambrose, T. Baker, R. 1 
L. R. Mast. 
Group 5—Heating and Refrigeration Loads— | 
G. B. Priester, Coordinator 
| 
| 
eary. 
2.8 Air Cleaning Equipment: Chairman: 
i W. C. L. Hemeon, P. R. Achenbach, C. W. 5.2 Thermal Circuit Analysis 3 
Coblentz, R. S. Farr, P. M. Engle, Jr., B. L. 
mae gsdon, G. W. 5.3 Fenestration 
Group 6—Environmental Control and Effects— 
John Clarke, Coordinator 
| F. N. Andrews, E. F. Borgos, F. E. Boys, A. W. 
{ 
6.5 Plant and Animal Husbandry: Chairman: 
R. E. Stewart, F. N. Andrews, T. E. Bond, 
| M. K. Fahnestock, R. L. Givens, G. R. Nelson, =f 
eck. 
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Group 7—Unitary Equipment—L. K. Warrick, Group 8—Products and Processes—E. J. Robert- 
Coordinator son, Coordinator 


7.1 Commercial Food 8.1 Meat : Chairman 
a Chairman: J. ainwater, R. D. K. E. Nielsen, ul Borders, Norman Breibe, 
Gibbes, E. N. Johnson, L. E. Joslin, C. D. Macy, 
— e ‘w. Mathis, A. Perez, M. H. Strang. W. C. Matthews, D. S. MacKenzie 
Mavity, J. P. McShane, H. D. Tefft, F. P 
Domestic Refrigerators and Unit Food Neff, R. K. E. 
Freezers: Chairman: P. E. Davey, R. S. Icott 
Buchanan, H. Deuker, R. L. W. R. 
jghnoon, "Hershel Powell, Roider H. A. 8.2 Poultry and 
Chairman: E. N. Kerrigan, T. Y. Davis, L. J 


Gibbas. 
7.3 Track and Car Refrigeration 
Units: ey G. Gallagher, G. E. 
Anderson. "B. Groen, Paul Jung, HO. Kirk 8.3 Fermentation Processes and Allied Prod- 
ow Phillips, W. Redit, James ucts: Chairman: B. H. E. Helin, 


7A Water Beverage Costes 
Chairman: E. Scott, L. J. Anderson, W. = 8.4 Concentration, Dehydration, and Other 
pesaee, F. O. Graham, K. J. Helsing Food Preservation Processes: Chairman: D. K. 
A D. C. McCoy, J. C. Woodroof. 
Taylor, A. A. Zollo. 

7.5 Ice Makers: Chairman: MacLeod, Anderson, Mapes, & 
B. D. Maseritz Martin, J. Monta. 

7.6 Air Conditioners and Dehumidifiers: 8.6 Frozen Foods: Chairman: C. F. Evers, 
Chairman: B. Edgar Dickson, H. C. Diehl, W. H. Redit, 
Crider, Willies, Hood, R. Kelto, H. M. F. Tokach. valli : 

. L. J. Sahs, L. L. Smith, . Tanner, 
R. G. Werden, P. W. Wyckoff. 2.7 Making. Stating 


Johnson, F. w. Knowles, R. 
Albright, J Vetter, O. B. Wert, C. L. Whitaker. 
ertheimer. 8.8 Cold Storage Warehouses and Locker 
Plants: erson, H. C. 
7.8 Milk Coolers: Chairman: R. L. Latzko, Brown, Jr., ar Green, . K. Irvine, W. E. 
Cc. V. R. E. Stein- E. K. Strahan, R. M. Stern, R. H. 
yler. rinkle. 


See | ee Chairman; A. S. Decker, Vice Chairman; H. T. Gilkey, 
J. Klassen, F. J. Reed, K. O. Schlentner, J. R. Schreiner, T. B. Simon, S. P. Soling. 


Room Arm CooLers 18-56R) 


or Tzstinc ror Ra A 
Meyer (Standard Chairman: Chairman: W. Liaison: T. B. Simon, 
H, F. O. Graham, P. R. Lynn, F. J. 


E. MeEtTHODs or TesTING For RATING ForcED- 


CracutatTion Arm-Cootinc anp Arn-HEATING 
Coms Tor Chairman: S. W. 


Mernops or Fron Ratinc THER- 
Anderson, L O. Schlentner, Members: 
MOSTATIC AND CONSTANT PressunE REFRIGER- R. D. Blum, W. — sa G. J. Haufler, J. J. 
(ASA, 20011050) Manning "FW. Mekennd, 0. J. "Nussbaum 
m: 
B. F. Y. D. ile, H. B. Williams. 
. Wilson, W. F. Wischmeyer, Alternates: MetHop or TESTING Ratinc STEAM 
W. D. S. Sterner. (Standard_53-34R) Chair- 
Ww Liston: K K. O. lentner, 
or Testinc For Ratinc Members: Hubbard, D. H. 
Cont. MECHANICALLY - RernicernaTeD  Krans, L. G. Miller. 


Mernov or Testinc ron Ratinc SoLENomw W. F. Wischmeyer, Alternates: 


| 
Project Committees For Proposed Revisions 
Project Committees For Proposed Standards 
bc. Albright, F. Y. Carter, C. C. Hansen, III, (Standard 36P) Chairman: C. M. Ashley, 
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Hubbard, D. H. Krans, 
or ror Ratinc UNITARY 
AIR 


Members: F. J. Reed) W. A. G. 
Thompson. 


Chairman: S. Konzo, Liaison: H. T. Gilkey, 


Members: L. G. Seigel, G. L. Tuve, D. D. Wile. 
STANDARD FoR EVALUATION oF Am CLEAN- 


THerMaL Comrort Conprrions (Standard 
| oe R. G. Nevins, Liaison: F. J. 


SPECIAL COMMITTEES 


UEC Fund Raising: M. F. Blankin, Chairman; W. J. Collins, Jr., Vice Chairman; T. E. 


Brewer, J. E. Haines, C. F. Holske. 


John E. Dube, ex-officio; E. P. Palmatier, ex 
Review: John H. Fox, Chairman; Cecil Boling, W. L. McGrath, 


Committee Expense 
John E. Dube, ex-officio. 
Alamo 
Headquarters: San Antonio, Tex. 
E. E. Cravens 


Ingle, T. H 


Atlanta 
Headquarters: Atlanta, Ga. 
J. L. Kelly 
Board of Governors: J. S. Edgar, J. M. Latimer, 


w. 


Liaison: S. P. Consultant: R. J. W: 
1nG Devices ron GENERAL VENTILATION AND 
Am Conprrioninc (Standard 52P) Chairman: 
39P) Chairman: G. L. Biehn, Liaison: J. R. P. E. McNali. — _— 
Schreiner, Sec: : R. N. Mahendra, Members: 
C. H. Belt, H. Ww. Jobes, R. C. Lower, R. G. MetHop or TesTinc ror Ratinc Gravity 
McCready, W. A. Spofford. Roor VentTitators (Standard 54P) Chairman: 
R. G. Nevins, Members: 
G. C. Breidert, F. N. R. B, 
w. V. K. E. 
F. B. Rowley, L. J. Shumaker. 
| 
pter Officers ‘ 
Headquarters: Austin, Tex. 
President ................W. H. Luedecke : 
Vice President ..............F. W. Gerling i 
Secretary .................W. M. Fairchild 
] Board of Governors: I. Wilke, W. Milstead, ik 
. Collard W. E. Long a: 
Arkansas Baltimore ; 
Headquarters: Little Rock Headquarters: Baltimore, Md. z 
President ..............O. L. McCallister, Jr. President ..............W. H. Kruger, 
Vice President ............J. H. Lammons Ist Vice President ............P. L. Harris if 
Secretary ..................T. W. Turner 2nd Vice President ...........E. K. Schultz : 
Baton Rouge oly 
Headquarters: Baton Rouge, La. ae 
President ....................R. F. Dupuy 
Vice President ................R. A. Neve fe 
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Boston Central Oklahoma 

Headquarters: Boston, Mass Headquarters: Oklahoma City 

lst Vice President ..A. L. Hesselschwerdt, Jr. Vice President ........... J. T. McKinney 
2nd Vice President .......... . Cohenour 

eee W. R. Geissenhainer Board of Governors: W. R. Johnson, W. H. 


British Columbia 


Central Arizona 
Headquarters: Phoenix 
J. R. Hight 
Vice President ............ S. A. Fredrickson 


Board of Governors: W. F. 


Ist Vice President ............. R. A. Barr 
2nd Vice President ............ E. L. Galson 
3rd Vice President ............ . C. Raasch 
D. J. Girard 
Board of Governors: J. Smith, T. Foster 


Central Pennsylvania 


Board of Governors: H. L. full, A. BL Stengel, 
H. C. Brown, Jr. 


Chapitre de la Ville de Quebec 
Headquarters: Quebec, Que. 


Board of . Bastien, M. Leclerc, 


Treasurer 

Board of Governors: G. Winkelman, "A. J. 
Staubitz, C. P. Wood, Jr., C. J. Kummer, 

N. E. Rau, J. W. Gibbs, C. W. Couch, 
- Rieger 


Cleveland 
Headquarters: Cleveland, Ohio 
R. M. Hepner 
B. A. Schwirtz 


Columbus 
Headquarters: Colur:bus, Ohio 
E. T. Stluka 
2nd Vice President .......... G. H. Reverman 


i 
| 


Board of Governors: W. F. Lynch, W. Parks, Stewart, T. L. Robinson 
W. S. Warner, D. C. Bratton, D. W. 
Noble, G. T. Roberts, Jr., W. T. Chaisson, | 
Headquarters: Harrisburg 
Headquarters: Vancouver, B. C. | 
Ist Vice President ............D. B. Leaney 
2nd Vice President ..............R. W. Hole 
Board of Governors: F. J. Dwyer, R. S. Millar 
3 
Board of Governors: J. J. Cosgrove, W. K. O. Maillette, L. P. Truchon | 
Central Indiana 
Headquarters: Indianapolis Headquarters: Cincinnati, Ohio : 
Ist Vice President ..........W. L. Kercheval Se? C.J 
Qnd Vice President ..............E. Hunter 
Treasurer ................R. M. Anderson 
Freije, jr., J. G. 
Thornburgh, Jr., H. F. Johnson, J. Lerzak 
Central Michigan | 
Headquarters: Battle Creek 
President ................W. M. Hassenplug 
Ist Vice President ................R. Wick 
2nd Vice President ..............J. Jennings 
................C. M. Knudson 
Board of Governors: J. Gire, R. Wright, Board of Governors: R. D. Wilson, J. W. : 
F. Crotser Wickert, C. R. Braun é 
Central New York i 
| 


al 


1 
q 
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Dallas Golden Gate 
Headquarters: Dallas, Tex. Headquarters: San Francisco, Calif. 
Ist Vice President .......... R. A. Osterholm Vice President ................ R. C. Pribuss 
2nd Vice President .......... F. L. McFadden See 6s FT D. A. Delaney 
O. Nation Board of Governors: J. D. Kniveton, T. E 
Board of Governors: C. Gilmore, O. Mehl, Brewer, T. R. 
J. Mays, F. Hescock 
Hampton Roads 
Dayton Headquarters: Norfolk, Va. 
Headquarters: Dayton, Ohio R. F. Fox 
Vice President ............ F. H. Doench, Jr. Tyeasurer .................. H. L. Bregman 
Secretary ...............-+++.-. = G. Ely _ Board of Governors: J. R. Spencer, D. L. Gusler, 
Board of Govemors: N. O. canna, R. L. 
Brugler, R. B. Walcott 
Houston 
Headquarters: Houston, Tex. 
Headquarters: El Paso, Tex. Ist Vice President ........ _....J- M. Daniel 
J. Ho 2nd Vice President ............ C. H. Jochen 
R. O. Gibson 
H. W _Wortmann K. C. Gruber 
oe tchell Board of Governors: H. E. Conley, M. Backer 
Board of Governors: J. True, J. L. "Hol- 
land Illinois 
Headquarters: Chicago 
Evansville, ind. D. A. Parkhurst 
Ist Vice President .......... H. C. Shagaloff Board of Governors: E. N. Johnson, H. Kreis- 
Qnd Vice President .......... C. L. Herndon man, J. W. Hall, z P. Heckel, Jr. 
3rd Vice President ............ D. S. Phillips 
.K. C. Davis Illinois-lowa 
Board of Governors: C. L. Herndon, D. S. Headquarters: Moline, Ill. 

View D. G. 


K. W 
E. J. _ Bauerlein, Jr. 
Board of Governors: J. C. jehcson, A. Sten- 
holm, R. Hern 
Fort Worth 
Headquarters: Fort Worth, Texas 


Board of Governors: E. O. Hull, W. O. Hilde- 
brand, J. D. Koetter 


Inland Empire 
Headquarters: Spokane, Wash. 


| 
| 
1 Vice President ................J. L. Harvey : 
; Board of Governors: R. Luhn, S. Schafer ; 
Iowa 
: Headquarters: Des Moines j 
{ Board of Governors: D. N. Reid, T. McMurry Vice President ................V. G. Polly Bs 
‘a 
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Secretary ......E. Giberson 
Treasurer ...... Set Ce L. L. Kelley Board of Governors: W. Atkinson, R. Trethewey, 
Board of Governors: W. Barnard, H. N. B. Jorgenson 
M 
Headquarters: Jacksonville, Fla. Headquarters: Memphis, Tenn 
Vice President J. C. Kirkpatrick st Vice President .......... G. H. Avery, Jr. 
Board of Governess: R. S. Greelish, J. E. Ayers Historian .. .T. H. Turner 
x J. H. Montgomery 
Board of Governors: C. L. Brown, C. S. Fischer, 
Johnstown 
Headquarters: Johnstown, Pa. re 
J. K. Thornton Michigan 
Vice President G. C. MacAlarney Headquarters: Detroit 
Board of Governors: E. S. Spangler, Vice 
Straw, S. Moroh E. Maund 
Board of Governors: W. Dull, os H. Williams 
Kansas City 
Headquarters: Kansas City, Mo Middle Tennessee 
Ist Vice President .. W. M. Scur 
President ... R. L. King 
Hopkins Vice President D. E. Nichols 
Reichow, L. A. Heaven, R. L. Kilker, 
E. W. Rick 
ong Headquarters: Minneapolis 
Headquarters: Garden City, N. Y 
President S. M. Walzer vice President J. W. McNamara 
Vice President ... ............ S. L. Gayle Secretary ....... R. M. Jack 
ow ae — Board of Govemors: R. G. Gridley, T. D. Mer- 
Board of Governors: B. Maxwell, H. Quick, C. a> Se 
Louisville Headquarters: Jackson 
Headquarters: Louisville, Ky President ...... W. D. Fortner 
Vice President . C. E. Strahan, Jr 
Ist Vice President R. W. Rademaker freasurer .................... Allen 
2nd Vice President ............ Board of Govemors: F. H King, | 
— R. W. Anderson 
Board Governors: Pietsch, R. V. 
Proche, ER. Sr. W. Sexton Mobile 
Headquarters: Mobile, Ala 
Manitoba K. E. Buck 
Vice President ................A. Leiterman G. Elliott, G. Hamlin, 
.....W. Frederiksen W. Schilling 
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Montreal Niagara Frontier 
Headquarters: Montreal, Que Headquarters: Buffalo, N. Y. 
Ist Vice President ............ H. B. Cooper Ist Vice President ............ R. W. 
2nd Vice President .............. M. Malloy 2nd Vice President ........ H. J. McLaughlin 
C. R. Morrison F. Worden, Jr 


l.c . Springer, T. D. Birss, A. Poulin 
National Capital 
Headquarters: Washington, D. C 
H. E. Grossman 
H. R. Henke 
Assistant Secretary ............ W. J. McCoy 
uschell 


J. 
A. D. Ford 


E. H. Sanford 


Lewis 
Board of Governors: J. F. Athi. 3. I. Hebert 


New York 
Headquarters: New York, N. Y. 


Treasurer 
Board of Governors: W. T. Kane, L. D. Car, 
L. Kowadlo 


Board of Govérnors: J. Davis, R. N. Mollenberg, 
W. Stone 


Niagara Peninsula 
Headquarters: Hamilton, Ont. 
W. M. Carr 

R. C. Brace 
Board of Governors: D. Harper, W. McDonald, 
D. 
North Alabama 
Headquarters: Birmingham 
Ist Vice President ............ G. R. Jackson 
J. H. Judd 
. S. Simpson, Jr. 
North Jersey 
Headquarters: Newark 
Ist Vice President ............ C. E. Parmelee 
2nd Vice President ................ H. Wolf 
C. W. Zimmer 
Assistant Secretary ............ L. Lieberman 


Board of Governors C. Collins, G. V. Dennis, 


Ist Vice President ............ B. E. Mullen 
2nd Vice President ............ E, E 
H. V. Cross 

Mahoney, R. D. 


Board of Governors: H. G. S. Murray, J. F. a 
Board of Governors: J. J. Nolan, G. W. Camp- 
bell, L. F. Laforet 
Nebraska 
Headquarters: Omaha 
Vice President ..............C. L. Thomsen 
Board of Governors: H. A. Barnard, C. W. 
Amidon, F. P. Manchester 
New Mexico 
Headquarters: Albuquerque 
Vice President ..............V. J. Stephens 
Secretary D. D. Paxton 
Headquarters: Greensboro, N. C. 
President ..................D. T. Waynick | 
New Orleans Vieo President ............: 
Headquarters: New Orleans, La. 
Northeastern New York , 
Headquarters: Albany 
| | 
| 
| 
2nd Vice President ............H. F. Burpee 
Secretary ..................P. A. Bourquin Northeastern Oklahoma 
Membership Secretary . J. M. Pennesi Headquarters: Tulsa : 
Vice President ..............J. R. Shipman : 
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Secretary ee ing Secretary ...... P. R. Anderson 
W. W. Smith Recording Secretary ........ H. N. Teuber 


F. J. Raible, Jr. 
Ist Vice President ........... A. S. 
2nd Vice President .......... E. M. Johnson 
Board of Governors: D. C. Allen, F. Honerkamp 

Ontario 
Headquarters: Toronto, Ont. 

L. N. Adams 
2nd Vice President ............ J. D. Coates 
Secretary-Treasurer ........ M. K. Bowman 
Assistant a W. Woodcock 


G. E. Smetak 
2nd Vice President ............ A. S. Estatico 
Secretary-Treasurer ............ H. Shratter 


........M. BR. Overbye 
Ist Vice President .......... K. G. Massart 
2nd Vice President ... 
Secretary 


Board of Governors: L. Dunlop, M. Zimmerman, 
H. Ring, W. Romer, F. Allen, J. Guillemette 


W. S. Cooper 
Secretary ...... 


Cc, 
Board of Governors: W. D. Maxwell, B. Farnes, 
O. T. Jacobson, F. T. Taylor, C. J. Bell 


Ottawa Valley 
Headquarters: Ottawa, Ont. 


Board of Governors: C. H. Imel, H. A. Garber, 
G. J. Wachter 


Ist Vice President ... 
2nd Vice President .... 
Secretary 


Rocky Mountain 


L. R. Bindner 
Qnd Vice President .......... R. G. Pritchard 


Board of Governors: W. C. Buckner, C. Doll- Treasurer ao. ....A4. A. Lincoln 
meyer, J. E. Tumilty Board of Governors: W. F. Spiegel, O. J. 
Nussbaum 
Northern Alberta 
; Headquarters: Edmonton, Alta. Pittsburgh 
Headquarters: Pittsburgh, Pa. 
President ..................G. N. Campbell 
Vice President _. ......D. E. MacKay 
Board of Governors: J. W. Boulter, V. J. V. 
; Carroll, H. Hole, W. L. Lindberg, E. Pantel, Board of Governors: J. Herrmann, J. Blair, 
4 A. Stix E. Riesmeyer, Jr. 
; Northern Connecticut Puget Sound 
Headquarters: Hartford Headquarters: Seattle, Wash. 
Rhode Island 
Headquarters: Providence 
Vice President ............R. E. Wilkinson 
Secretary D. Jj. Kiely, Jr. 
: J. Parker, H. Roth, G. Toms, R. Ritchie 
: Richmond 
q Oregon Headquarters: Richmond, Va. 
Headquarters: Portland 
Rochester 
| Dyminski 
Vice President ................P. G. Fortier Sweetland 
Secretary ...... ...........J. D. Partington Boncke 
Treasurer ..................1. M. Paterson Treasurer ..........D, D. Hinman, Jr. 
Board of Governors: C. H. Schock, R. M. Board of Governors: D. M. Barnard, J. Balter 
MacPherson, R. J. Hipkin 
Philadelphia Headquarters: Denver, Colo. 
Headquarters: Philadelphia, Pa. 
Ist Vice President ...0. M. Kershock 
2nd Vice President ............D. S. Plewes Secretary ......................§. Sellers 
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Treasurer D. Niblack 
Board of Governors: R. Walker, M. Beckett, 
F. Stark 


Sacramento Valley 
Headquarters: Sacramento, Calif. 


Board of Governors: K. Flocke, K. Klein, W. 
Sulloway 


Headquarters: Savannah, Ga. 
. White 


J. 
Board of Governors: E. F. Young, J. R. McGrath 


Shreveport 
Headquarters: Shreveport, La. 


J. J. Guth, Jr. 
Jr. 


w. 
Board of Governors: E. H. Spaulding, W. 
Jarvis 


Burke, M. Redens, T. A. Marshall, R. H 
Phillips 


Southern Connecticut 
Headquarters: New Haven 


Secretary 
Treasurer 


Board of Governors: R. B. Coho, 
McElroy 
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South Carolina 
Headquarters: Columbia 
Gay 
Vice President ............W. O. Blackstone 
Treasurer ................R. G. Hanna, Jr. 
Board of Governors: J. D. Williams, R. S. 
Vice President ..............L. S. Stecher 
Board of Governors: R. T. Andrews, M. Laks, South Florida 
D. Yoshpe Headquarters: Miami 
President ................A. R. Martin, Jr. 
St. Louis Vice President ..................A. Cowan 
Treasurer ................A. R. Dickterenko 
Ist Vice President ..........F. G. Meyers Mitchell, R. D. Hazen 
2nd Vice President ..........J. B. Killebrew 
Ist Secretary ................R. B. Tilney 
Treasurer ..................C,. F. Barmeier South Piedmont 
Board of Governors: E. V. Dickson, H. E. Gold, Headquarters: Charlotte, N. C. 
C. J. R. McClure a 
Vice President ..............W. T. Foreman 
San Diego Secretary ....................D. Rickelton : 
H :S , Calif. Treasurer ..............J. W. Thompson, Jr. 
res ene Board of Governors: N. W. McGuire, R. E. 
Mason, D. P. Schiwetz 
Vice President ................M. Jackson 
Treasurer ...... C. E. Butcher Sou 
San Joaquin Vice President ..............N. J. Howes 
President ....................R. ©. Cody Board of Governors: O. H. Reggin, J. H. Hole, 
Vice President ..............D. B. Rodkin J. P. Patterson, E. M. McLean 
Treasurer ..................G. Yamaguchi 
Boara of Governors: R. N. Irick, G. McMahan, : | 
Southern California 
Headquarters: Los Angeles 
Secretary ............B. L. Hutchinson, Jr. ‘ 
President Ist Vice President ............E. V. Olsson 
Vice President ............R. 2nd Vice President ..............G. A. Dion 
Secretary lton ; ..E. F. Morley 


Board of Governors: L. Jovine, L. Mazzini 


Student Branches 


Auburn University 
Headquarters: Auburn, Ala. 
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Toledo Wichita 
Headquarters: Toledo, Ohio Headquarters: Wichita, Kansas 
President ....................J. Wilkie President ................L. R. Martin, Jr. 
7 Vice President ................J. S. Meyer Ist Vice President ............R. B. Peugh 
Board of Governors: G. W. Bleckner, J. M. Treasurer ..................R. L. Surtees 
Groskopf, J. L. Wahlers Board of Governors: F. Osborn, L. Martin, R. 
Peugh, P. Bauer, D. L. Manson, R. L. ; 
Surtees 
Tucson 
a Headquarters: Tucson, Ariz. Wisconsin 
President ..................8. R. Palmer 
Vice President . ; ..... A. E. Hamilton President ................J. E. Mlingworth 
Ist Vice President ............W. H. Miller 
2nd Vice President ..........R. I. Anderson 
Board of Governors: J. S. Blackmore, B. M. Secretary ................F. W. Goldsmith ; 
Dehlinger, H. B. Glover, Jr. Treasurer ................K. F. Waraczynski 
Board of Governors: M. F. Tokach, B. M. Kluge , 
Utah 
Headquarters: Salt Lake City Special Branch 
Vice President ..............C, Panama and Canal Zone 
Secretary-Treasurer ..........J. N. a 
Board of Governors: F. Richeda, R. C. Evans, Headquarters: Curundu, Canal Zone ; 
7 L. K. irvine, R. Oliver President ....................R. R. Brown 
Ist Vice President ............R. A. Barhan 
Fong 
Headquarters: Lubbock 
President ........ 
Vice President ... ........0, R. Downing 
Board of Governors: Harlan, C. J. 
Board : O. P. 
lasky, C. P. Houston Switzerland : 
Headquarters: Zurich ; 
President ....................R. A. Goerg 
; Western Massachusetts Vice President ..............A. E. Kummer 
Ist Vice President ............C. Martin, Jr. Italy 
2nd Vice President ............K. W. Maki 
: Board of Governors: T. E. Fallon, R. J. Hil- President ..................G, F. Bertolini 
dreth, F. J. Hurley 
Secretary ..................Gaetano du Bot 
Treasurer ................Uberto Stefanutti 
4 
Western Michigan 
3 Headquarters: Grand Rapids 
Ist Vice President ............G. L. Jepson 
4 Qnd Vice President ........D. A. Rackliffe 
Board of Governors: W. R. Johnson, R. L. 
Eichhorn, R. J. Waalkes Faculty Advisor ............Prof. T. C. Min i 
| 
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California State Polytechnic College Faculty Advisor .......... Prof. F. B. Morse 
Headquarters: San Luis Obispo, Calif. 
Faculty Advisor ............ Prof. J. A. Hayes Texas A and M College 
Headquarters: College Station, Tex. 
North Carolina State College Faculty Advisor ........ Prof. L. S. O’Bannon 
Headquarters: Raleigh, N. C. 
Faculty Advisor ........ Prof. R. B. Knight University of Detroit 
Headquarters: Detroit, Mich. 
Oregon State College 
Headquesters: C lis, Ore. Faculty Advisor ........ Prof. J. B. Olivieri 
Faculty Advisor ...... Prof. G. E. Thornburgh Uni ity of T. 
Purdue University Headquarters: Toronto, Ont 
Headquarters: W. Lafayette, Ind. Faculty Advisor .......... Prof. F. G. Ewens 
OFFICERS 


BOARD OF DIRECTORS* 


January 1960—June 1962 June 1960—June 1962 June 1961—June 1963 
Joxun CHANDLER W. S. Harris P. R. ACHENBACH 
Gerorce LinskizE W. L. McGratu 
J. G. Wooproor (IV) J. W. May 

ames Downs (V) AXEL MaRIN W. B. Morrison 

K. Warrick (VI) G. B. P. W. Wycxorr 

June 1961—June 1962 W. J. Coxians, Jr. ( VIII) . H. Ross (II) 

Burt Lomax, Jr. (VII) T. J. Wurre (X) . K. Wacnenr (III) 


ASSIGNMENTS OF REGIONAL DIRECTORS 
Region I—P. K. BARKER 


= Director for following chapters 
, Central New York, Long Island, New York, Niagara Frontier, North 
’ Northeastern New York, Northern Connecticut, Island, Rochester, 
Connecticut, Western Massachusetts. 
J. H. Ross 


Regional Director for following chapters: 
Chapitre de la Ville de Quebec, Manitoba, ay ere Niagara Peninsula, North- 
ern Alberta, Ontario, Ottawa Valley, Southern Alberta. 


® The elected officers and Past Presidents are also members of the Board of Directors. 
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Region III—E. K. WacNER 
Re Director for following chapters: 
altimore, Central Pennsylvania, Hampton Roads, Johnstown, National Capital, 


Region IV—]. G. Wooproor 
Regional Director for following chapters: 
Atlanta, Florida West Coast, Jacksonville, North Piedmont, Savannah, South 
Carolina, South Florida, South Piedmont. 


H. Downs 
Director for following chapters: 
“Risen, Central Indiana, Cincinnati, Cleveland, Columbus, Dayton, Evansville, 
T 


Region VI—L. K. Warrick 
Re Director for following chapters: 
mtral Michigan, Chicago, Illinois, Illinois-lowa, Iowa, Michigan, Minnesota, 
Western Michigan, Wisconsin. 


Region VII—Burt Lomax, Jr. 
Re Director for following chapters: 
ton Rouge, Birmingham, Kansas City, Louisville, Memphis, Middle Tennessee, 
Mississippi, Mobile, New Orleans, St. Louis. 


Region VIII—W. J. Jr. 
Regional Director for following chapters: 
Alamo, Arkansas, Austin, Central Oklahoma, Dallas, East Texas, Forth Worth, 
Houston, Northeastern Oklahoma, Shreveport, West Texas. 


Region IX—F Rep JANssEN 
“Regional Director for following chapters: 
, Nebraska, New Mexico, Rocky Mountain, South Dakota, Utah, Whichita. 


X—T. J. Wurre 
Director for following chapters: 
Reach Columbia, Central Arizona, Golden Gate, Inland Empire, Oregon, Puget 


Sound, Sacramento Valley, San Diego, San Joaquin, Southern California, Tucson. 


GENERAL COMMITTEES—June 1961—June 1962 


Executive: J. Everetts, Jr., Chairman; John H. Fox, Frank H. Faust, John E. Dube, 
D. D. Wile, R. H. Tull. 


Finance: John E. Dube, Chairman; John H. Fox, F. H. Buzzard, W. L. McGrath, 
tom G. S. urray, Frank H. Faust, ex-officio; $. F. Gilman, ex-officio; John Roth, ex- 


i canal L. F. Flagg, R. A. Line, C. M. Wilson, John E. 
Dube, ex-officio; W. P. Chapman, ex-officio. 

General and Administrative Coordinating: John H. Fox, Chairman; W. L. Algie, 
Leon Buehler, Jr., J. B. Chaddock, J. W. Chandler, B. W. Farnes, G. J. Finck, W. E. 
Fontaine, A. C. Gowdy, H. G. Gragg, A. J. Hess, V. J. Johnson, W. . Mullin, R. G. 
Nevins, R. G. Werden. 


Technical Coordinating: Frank H. Faust, Chairman; R. S. Buchanan, P. M. Butler, 
W. P. Chapman, A. S. Decker, C. B. Gamble, S. F. Gilman, J. B. Graham, J. Klassen, 


Philadelphia, Pittsburgh, = 
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R. A. Line, Axel Marin, W. T. Pentzer; Members At Large: C. R. Fagerstrom, C. B. 


Gamble, P. N. Vinther. 


Divisional Advisory: N. B. Hutcheon, Chairman; Heating Section: P. R. Achenbach, 
W. S. Harris, N. B. Hutcheon; Refrigeration Section: J. W. Chandler, V. D. Wissmiller, 
P. W. Wyckoff; Air Conditioning Section: G. A. Linskie, J. W. May, G. B. Rottman. 


Regions Central: F. H. Faust, Chairman; Regional Directors. 


Chapters Regional Committees (September 1961 to June 1962): 


Regional 
Areas Chapter Member 
Region I—P. K. Barker, Regional Director 
Mass., N. H., Boston W. R. Geissenhainer 
Me. 
N. Y. Central New York L. L. 
N. Y. Long Island S. L. Gayle 
N. Y. New York S. Spencer 
N. Y. Niagara Frontier R. Bartsch 
N. J., N. Y¥. North Jersey C. E. Parmelee 
N. Y., Vt. Northeastern New York B. E. Mullen 
Conn. Northern Co A. S. Decker 
R. L, Mass. Rhode Island R. E. Wilkinson 
Rochester S. J. Stachelek 
Conn., N. Y. Southern Connecticut C. McElroy 
Mass. Western Massachusetts W. A. Rochford 


Region III—E. K. Wacner, Regional Director 


Md., Del., Pa. Baltimore P. L. Harris 
Pa. Central Pennsylvania S. Wood 
Va. Hampton Roads J. A. Hoffman 
Md., Pa. Johnstown G. C. MacAlarney 
Md., Va., National Capital W. C. Hansen 
W. Va., D. C 

Del., N. J., Pa. Philadelphia O. M. Kershock 
Pa., W. Va. Pittsburgh G. Smetak 
Va., W. Va. Richmond G. B. Alexander 
Region IV—J. G. Wooproor, Regional Director 
Ga. Atlanta J. L. Kelly 
Fla. Florida West Coast F. C. Whitaker 
Ga., Fla. Jacksonville W. C. Van Wagenen 
N. C. North Piedmont T. C. French, Jr. 
Ga., S. C. Savannah E, F. White 
s. C. South Carolina J. C. Harrison 
Fla. South Florida A. Cowan 
N. C. South Piedmont W. P. Wells 
Region V—]. H. Downs, Regional Director 
Ohio Akron G. W. McElhaney 
Ind. Central Indiana W. L. Kercheval 
Ind., Ky., Ohio Cincinnati C. P. Wood, Jr. 
Ohio Cleveland R. M. Rubin 
Ohio, W. Va. Columbus E. T. Stluka 
Ind., Ohio Dayton F. H. Doench 
IL, Ind., Ky. Evansville D. S. Phillips 

R. Greenwald 


Ind., Ohio, Toledo 
Mich. 


£9 


rl 


SPS 
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Region VI—L. K. Warnick, Regional Director 

Mich. Central Michigan R. L. Wick J. H. Jennings 

ti. Chicago K. E. Wolcott C. M. Sieben 

Ill, Ind. Illinois L. H. Streb D. A. Parkhurst 

IL, Iowa Illinois-Iowa D. G. Johnson M. L. Smith 

Iowa Iowa R. S. Stover V. G. Polly 

Mich. Michigan D. S. Falk R. E. Maund 

Minnesota J. W. McNamara R. L, Peterson 

Ind., Mich. Western Michigan D. J. Renwick W. Wessels 

Wis. Wisconsin K. Waraczynski W. H. Miller 

Region VII—Burt Lomax, Jr. Regional Director 

La. Baton Rouge R. L. Dupuy R. Neve 

Ala. J. J. Keith R. W. McKenzie 

Mo. Kansas City W. Scurlock L. A. Heaven 

Ky., Ind Louisville R. F. Logsdon R. W. Rademaker 

Tenn., Ark., Memphis T. C. Bearden J. P. Hall 
Miss., Mo. 

Tenn. Middle Tennessee R. L. Bibb, Jr. E. W. Moats 

Miss. M D. F. Ingram L. J. Beasley 

Fia., Ala. Mobile E. T. Ehman J. Payne 

La. New Orleans J. H. Maloney R. D. Lewis 

Il., Mo. St. Louis J. B. Killebrew R. B. Tilney 


Long Range Planning: |. D. Kroeker, Chairman; D. D. Wile, Vice Chairman; F. H. 
Faust, W. A. Grant, W. G. Hole, E. R. Queer. 


Admissions and Advancements; G. J. Finck, Chairman; J. W. Chandler, Vice Chair- 
man; John B. Hewett, Ludwig Mack, W. J. Olvany, M. C. Turpin. 


Charter and By-Laws: Fred Janssen, Chairman; Lincoln Bouillon, W. L. Holladay. 


Education: J. B. Chaddock, Chairman; R. G. Nevins, Vice Chairman; R. S. Bald, W. S. 
Harris, J. M. Laub, F. J. Raible, Jr. 

Exposition: J. W. James, Chairman; H. F. Spoehrer, Vice Chairman; A. Giannini, 
H. G. Gragg, L. N. Hunter, P. N. Vinther, V. D. Wissmiller. 


Guide and Data Book: W. L. McGrath, Chairman; Vol. 2 (1962), P. B. Christensen, 
Vice Chairman; F. H. Buzzard, W. H. Divine, W. G. Hole, J. W. Slavin, S. P. Soling. 
Vol. 1 (1963), J. L. Ditzler, Vice Chairman; F. H. Bridgers, G. A. Erickson, L. F. 
Flagg, J. B. P. N. Vinther; W. P. Chapman, ex : 


Honors and Awards: A. J. Hess, Chairman; A. C. Gowdy, Vice Chairman; H. C. 
Diehl, J. H. Fox, L. N. Hunter, C. F. Kayan. 

International Relations: A. Silvera, Chairman; A. Rebel, Vice Chairman; Armand 
Cowan, J. Galazzi, J. H. Ross, H. K. Sellick, R. C. Jordan, ex-officio (NRC. 11 R). 
Meetings Arrangements: H. G. Gragg, Chairman; V. ]. Johnson, Vice Chairman; B. L. 
Evans, C. B. Gamble, A. C. Martin, E. K. Wagner, J. W. James, ex-officio; R. G. 
Werden, ex-officio; Julia Szabo, Secretary. 

Membership Development: W. H. Mullin, Chairman; W. L. Algie, Vice Chairman; 
L. V. Appleby, T. G. Crider, Axel Marin, R. C. Taylor. 


Nominating—1962: A. J. Hess, Chairman; B. W. Farnes, Secretary; G. B. Alexander, 
H. L. Barnebey, John Bonner, H. L. Carr, F. R. Denham, B. L. Evans, C. L. Hall, 


Advisory Board: All living Past Presidents. 
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L. N. Hunter, J. K. James, J. H. Jester, W. B. Knox, P. J. Marschall, W. L. Pentzer, 
John Thompson, P. N. Vinther, S. J. Williams. 


Professional meme ee Leon Buehler, Jr., Chairman; W. E. Fontaine, Vice Chair- 
man; D. L. Angus, J. C. Benson, W. G. Moses, J. G. Woodroof. 


Program: R. S. Buchanan, Chairman; Por G. F. Carlson, 
R. E. Deaux, W. E. Fontaine, E. N. D.L ree W. May, W. R. —_ 


C. W. Phillips, J. K. Thornton, E. J. Von Arb, J. A. Mc Jr., ex-officio; R. G 
-officio. 


Werden, ex 

ee a oe Chairman; R. A. Line, Vice Chairman; K. W. Gould, 
]. J. Hucker, C. W. PI , W. V. Richards, L. K. Warrick, M. E. Waddell, J. L. 
Roth, ex-officio; W. L. rath, ex-officio; R. G. Werden, ex-officio. 


Public Relations: R. G. Werden, Chairman; B. W. Farnes, Vice Chairman; P. K. 
Barker, D. T. Donovan, G. S. Jones, Jr., Frank McElroy, H. G. Gragg, ex-officio; 
J. W. James, ex-officio; W. P. Chapman, ex . 


Research Exhibit: John A. McLean, Chairman; R. L. Eichhorn, Vice Chairman; R. B. 
Engdahl, H. T. Gilkey, E. F. Ince, N. W. Kent, E. F. Snyder, D. A. Solley, R. J. Van 
Doornevelt, V. J. Johnson, ex-officio. 


Research and Technical Committee: S. F. Gilman, Chairman; W. T. Pentzer, Vice 
Chairman; H. W. Alyea, F. H. Bridgers, W. L. Holladay, V. J. Johnson, P. J. Marschall, 
E. P. Palmatier, R. M. Stern, A. G. Wilson, W. F. Wischmeyer, P. Yeomans. 


Technical Committees 
SECTION 1.0 FUNDAMENTALS SECTION 2.0 HEATING AND 
AND GENERAL COOLING LOADS 
V. J. Johnson—Section Head A. G. Wilson—Section Head 
w.L. —Asst. Section Head 
Chairman 
Chairman 2.1 Load Calculation E. L. Galson 

1.1 Thermodynamics A. P. Boehmer Data and Procedures 
1.2 Psychrometrics ij L. Threlkeld 2.2 Weather Data and W. L. Holladay 
1.3 Heat Transfer and . A. Whitesel Design Conditions 

Fluid Flow 2.3 Ventilation B. P. Morabito 
14 Physiology & Human AA. S. Gates, Jr. Requirements & 

Environment tration 
1.5 Plant and Animal M. K. Fahnestock 2.4 Insulation and C. F. Pridmore 

Physiology Moisture Barriers 
1.6 Odor Causes and H. E. Barnebey 2.5 Fenestration D. J. Vild 

Control 2.6 Energy Requirements W. S. Harris 
1.7 Sound and Vibration R. E. Parker 
1.8 Lubrication i D. Bopp 
1.9 Refrigerants & . C. McHarness 
1.10 Corrosion and Water BB. A. Phillips SECTION 3.0 HEATING 

Treatment P. J. Marschall—Section Head 
1.11 Sorption W. O. Walker 
1,12 R. C. Jordan Chairman 

ion 
1.3 Thermoelectricity E. R. Wolfert 3.1 Hot hy and A. O. Roche, Jr. 
ae P. N. Vinther 3.2 Warm Air Heating H. G. Hayes 
el Burning 
1.15 Instruments and F. A. Thomas 3.3 Electric Heating G. G. Freyder 
ents 34 H . L. B 


Measurem: 
1.16 Definitions and G. P. Priester 3.5 
Nomenclature 


q 
4 
a 
1 
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ustion E. O. Olson 
Fuels 
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. R. Thygeson SECTION 8.0 DOMESTIC 
REFRIGERATORS & S 


Systems MALL 
3.7 Service Water K. O. Schlentner REFRIGERATION EQUIPMENT 
Heating W. F. Wisch Section Head 


Chairman 
P. E. Davey 


W. M. Barnes 
E. W. Scott 


D. E. MacLeod 


Distribution 8.5 Commercial Food J. H. Rainwater 
4.2 Fans : B. Graham Storage and 
4.3 Industrial . J. Burke Dispensing 


Equipment 


SECTION 9.0 APPLIED EQUIPMENT 
SECTION 5.0 REFRIGERATION 
E. P. Palmatier—Section Head P. Yoomane—Section Head 
Chairman 
Chairman 
E. N. Johnson 9.1 om Fan-Coil O. J. Nussbaum 


W. O. Kline 9.2 Liquid Heat R. M. Armstron 
and Skating Rinks 
Ultra-Low D. J. Missimer ling W. J. Donovan 


H. P. Soumerai 9.4 W. C. L. Hemeon 


J. R. Chamberlain = 9.5 Evaporative R. S. Ash 


5.6 os L. H. Leonard 
SECTION 10.0 AUXILIARY EQUIPMENT 
5.7 Cryogenics V. J. Johnson H. W. Alyea—Section Head 
SECTION 6.0 AIR CONDITIONING Chairman 
AND LICATION 10.1 Control L. F. Fla 
10.2 Refrigerant Flow J. A. Schenk 


F. H. Bridgers—Section Head 


W. V. Richards 


30 
3.6 Industrial Drying 
SECTION 4.0 VENTILATING AND P| 
AIR HANDLING & 
R. M. Stern—Section Head Food Freezers 
8.2 Beverage Coolers 
Chairman 8.3 Drinking Water 
4.1 Duct Design and W. W. Kennedy Coolers 
Air 84 Ice Makers 
Environment 
5.1 
5.2 
5.3 
and Test Chambers 
Rotary Compressor — : 
Units 
5.5 Centrifugal 
chines 
Chairman ccessories 
10.3. Pumps and Piping 
6.1 Residential & R. H. Merrick 10.4 Electric Motors— 
; Small Commercial R. Du Open and Hermetic A. P. White 
10.5 Safety Devices F. J. Reed 
6.4 Transportation C. W. McElroy 10.6 Refrigerant Piping L. N. Brown 
: 6.5 Room Air P. E. Kolb 
Conditioners Task Groups 
Chairman Reports to 
¥ SECTION 7.0 FOOD SCIENCE Task Group on R. G. Nevins TC14 
& REFRIGERATION Physiological 
W. T. Pentzer—Section Head Research and 
; Human 
Chairman Comfort 
7.1 Meat, Fish and K. E. Nielsen Task Group on H. O. Spauschus TC19 
Poultry Products Contaminants 
; 7.2 Dairy Products E. N. Kerrigan in 
7.3 Fruits, Vegetables D. H. Dewey Refrigeration 
74 Foods Cc. F. E 
rozen . EF. Evers 
75 Fermentation B. H. Bishop 
& Task Group on E. J. Robertson Head 
7.6 Concentration, D. K. Tressler Food Section 7.0 
Dehydration 
Other Food 
i Preservation Technology 
7.1 Cold Storage W. F. Giacomazzi Applied Heat Section 9.0 
.F. 
Locher Some 
er Task on  W. P. Chapman Head 
7.8 Vehicle and G. A. Gallagher Air Section 10.0 
Railway Conditioning 
Refrigeration Units 
; 7.9 Marine Refrigeration 5S. W. Brown trol 
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Standards: A. S. Decker, Chairman; J. Klassen, Vice Chairman; H. T. Gilkey, F. J 
Reed, N. B. Hutcheon, K. O. Schlentner, J. R. Schreiner, T. B. Simon, K. W. Wicks. 
(Project committees for proposed revisions and proposed standards are listed on pages 16 and 17.) 


SPECIAL COMMITTEES 
M. F. Blankin, Chairman; Lincoln Bouillon, W. J. Collins, Jr., 
J. E. Haines, H. S. Johnson. 

Building: P. J. Marschall, Chairman; T. G. Crider, James H. Downs, S. J. Williams, Jr. 


Research Fund Raising: S. J. Williams, Chairman; P. R. Achenbach, C. Hutchinson, 
D. E. Kvalnes, Wayne Long, H. G. S. Murray, E. P. Palmatier, ex-officio; R. G. 
Werden, ex-officio. 


ASHRAE INTERSOCIETY STANDARDS REPRESENTATIVES 


AMERICAN STANDARDS ASSOCIATION PROJECTS 
(Sponsored or Co-sponsored by ASHRAE) 
A-114 AppLicaTIon For THER- 


tions: G. B. Priester, Chairman; H. J. Ryan. 


MAL 
Chairman. B-59 MECHANICAL REFRIGERATION INSTAL- 
LATIONS ON SHipBOARD: W. L. Keller. 


: , Chairman; J. R. TESTING 
Chamberlain, Vice Chairman; 8. R. Hirsch, A. I. Constant 
lan. Alternates: W. W. Gi » Je ston Vatves: D. C. Albright. 


B-38 HovusEHOLD AND HoME W. M. Wallace, . S. Bondy. 
AND Freezers: E, C. McCracken, Chair- 
man; W. W. Higham. Z-74 FUNDAMENTALS OF PERFORMANCE OF 


EFFLUENT AND Gas CLEANING EQUIPMENT: 
B-53 REFRIGERATION TERMS AND DEFINI- K. E. Robinson. 


AMERICAN STANDARDS ASSOCIATION PROJECTS 
(Not sponsored by ASHRAE) 


A-13 ScHEME FOR IDENTIFICATION OF PIPING B-31 Cope For Pressure Prpinc: J. we. 
Systems: Harry H. Bond, Crosby Field. S. E. Rottmayer, (only on Subcommittee for 


revision of Sec. 5 Refrigerant Piping). 
A-40.8 Nationa Cope: Fred 
Janssen. B-40 Inpicatinc PressuRE AND VACUUM 
Gaces: Bernhard Willach. 


A-53 Bumpinc CopE NTS FOR 
anp VentTiLaTion: J. G. Eadie. B-72 STANDARDS FOR PLASTIC 

A-62 CooRDINATION OF OF W. 

A-119 Mosme Homes and_ TRAVEL Bourquin, John Engalitcheff, Jr. 

Taamens: R. G. Dodds, J. L. Heiman. B-78 Heat ExcHancers ror Cuemicat In- 
Purse Tunmane. pustry Use: C. E. Drake. 
C-85 TERMINOLOGY For AvuTomMaTic Con- 


B-19 Sarety STANDARDS FOR COMPRESSOR C-96 TEMPERATURE MEASUREMENT THER- 
Systems. mocouPLes: W. A. Spofford. 


| 
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K-61 Sromace anp Hanpiinc or Anuy- ions: E. H. Munier. Alternate: C. H. Flink. 
provs AMMONIA AND AMMONIA SOLUTION: 
C. F. Holske. Z-11 Pernoteum Propucts anp 


Trion: B. L. Evans, W. J. Simpson. 
8-1 Acoustics: R. E. Parker. 
Z-17 Prerennep Numsens: D. J. Renwick. 
Aspreviations: N. N. Wolpert. Alter- 


Y-1 
nate: C. H. Flink. Z-48 METHOD FOR PORTABLE 
Y-10 Lzerren Symsous: B. E. Short. Alter- tHe ConTAINED: Herbert Wolf. 


nate: C. H. 
Z-62 Untronm InpustRiaL HyGrene STAND- 
Y-14 Drawincs anp Drartinc Room anps: A. D. Brandt. 


F. Honerkamp, H. J. Donovan. 
Z-84 Giossany or ENVIRONMENTAL TERMS: 
Y-32 Symsots anp Desicna-_ C. F. Kayan. 


AIR-CONDITIONING AND REFRIGERATION INSTITUTE 


ASHRAE-ARI 
mitTge: A. S. Decker, H. P. Tinning 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


SUBCOMMITTEE ON THE EVALUATION OF 
Heametic Moror Insucation: R. T. Divers. 


E. 
Kenna, C. D. Macy, F. P. eff, K. E. Wolcott. 


AMERICAN PUBLIC HEALTH ASSOCIATION, INC. 


or Hosprrat Facmiries Enci- 
NEERING AND SANITATION Section: L. J. 


AMERICAN SOCIETY OF AGRICULTURAL ENGINEERS 


Prant anpd Huspanpry: M. K. 
Fahnestock. 


AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


PTC-23 ArmospHentc Water CooLinc: 
A. L. Hesselschwerdt, Jr. 


PTC-25 Sarety anp Revier Vatves: M. W. 
Garland. 


AMERICAN SOCIETY FOR TESTING MATERIALS 


A-5 Connosion or Inon anv STEEL. 


B-3 Conroston or Non-Fernovs METALS 
R. C. McHamess. 


TuerMat INSULATING MATERIALS: 


PLANNING COMMITTEE ON THERMAL IN- 
SULATING MaTeRtats: E. R. Queer. 


AMERICAN MEAT INSTITUTE 
= 
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D-2 Petrro.eum Propucts LuBRICANTS D-19 Warten: D. R. Walser. 
D-22 Metuops oF ATMOSPHERIC SAMPLING 
D-3 Gaszovs Fvexs: E. A. Norman, Jr. anp Anacysis: R. J. Walker. 


CANADIAN STANDARDS ASSOCIATION 
Sarety Cope ror Hosprrat Hazarps: 
J. Klassen. 
INTERNATIONAL ORGANIZATION OF STANDARDIZATION 
ADVISORY to ASA on 
86 REFRIGERATI A. T. Ill, Leon 
Buehler, Jr., W. A Grant, J. R. 
Schreiner, T. B. Simon, W. 


Williams. 


NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUNCIL 


Division OF ENGINEERING & INDUSTRIAL RE- US Nationa ComMMITTEE oF INTERNA- 
Gan. InstiTuTE or REFRIGERATION: D. D. 


Orrice or Cnrrricat ADVISORY 
Boarp: C. F. Kayan. 
NATIONAL ASSOCIATION OF CORROSION ENGINEERS 


IntTERsocreTy Corrosion CoMMITTEE: F. N. 
Speller. 


NATIONAL FIRE PROTECTION ASSOCIATION 


561 Hosprrat Orernatinc Rooms: R. P. 
Gaulin, N. Glickman. 


90A-90B Arm ConpiTioninc: A. I. Mce- 
Farlan. 


91 Brower Systems: W. S. Bondy. 


k. 
= 
D- 
5: 
3 
a 


Board of Governors: A. L. Hesselschwerdt, R. B. 


ceasurer 
Board of Governors: H. K. McCain, W. P. Stevens, G. T. Rebests, W. 
West, C. Sockwell, Jr. hainer, W. T. Chaisson, C. Biancucci 


J. M. Phillipson 
Bou of Be 
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Local Chapter Officers 
; Akron 2nd Vice President... . ...H. P. Shepard 
. Headquarters, Akron, Ohio Treasurer..................H. R. Dischinger 
Board of Governors: W. H. Kruger, G. B. 
3 President............ ....R. K. Kochel Priester, R. F. Weisman, W. E. Kahlert 
Ist Vice President............ .B. G. Gardner 
Treasurer..................W. L, Scheeser Be 
Vice President..............L. J. Langlois 
Alamo Secretary........... ....W. B. Martin 
? Headquarters, San Antonio, Tex. Board of Governors: R. Dupuy, H. Faust 
President... .... E. Staley 
Vice President. ... ........J. H. Powell 
Treasurer..................T. M. Stephens 
. Board of Governors: A. L. Helmly, R. E. Headquarters, Birmingham, Ale. 
Ist Vice President................J. H. Judd 
2nd Vice President........ . .S. S. Simpson, Jr. 
Headquarters, Little Rock G. J. H. 
. &. Simpson, Jr., . E. Cone, D. 
Daily, J. J. Keith, R. W. McKenzie, L. H. 
M Cook Eberdt, Jr., J. A. Evans, G. W. Hogan, Jr., 
i mae Governors: K. Pettit, O. McCallister, 
. Turner 
Boston 
Atlanta Headquarters, Boston, Mass. 
President..........A. L. Hesselschwerdt, Jr. 
| ! Headquarters, Atlanta, Ge. Ist Vice President..............R. B. Stevens 
i President Knox 2nd Vice President............C. W. Morrill 
Vice President. . Kelly Secretary ....W. R. Geissenhainer 
Secretary R. w. Dean 
Austin British Columbia 
: Headquarters, Austin, Tex. Headquarters, Vancouver, B. C. 
......B. J. Barnhart President. ... ......D. B. Leaney 
Vice President. . .W. M. Fairchild Vice President .. .R. W. Hole 
* Board of Governors: P. Dobbins, J. Ascherl, 
W. H. Luedecke 
Baltimore Central Arizona 
: Headquarters, Baltimore, Md. Headquarters, Phoenix 
Ist Vice President . .......IL. M. Johnson Vice President... . .T. Sigmundson 
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Board of Governors: E. Gray, 
F. Loeffler, Jr. 


R. R. Ellis, 


J. 
Board of Governors: W. J. Davis, A. J. pecan 
inkelman 


Gc. W 


Board of Governors: E, Stluka, G. H. 
J. Ww. R. O. Bement, H. L. 
E. Saurborn, W. Taylor, A. Jones 


Dallas 


Headquarters, Dallas, Tex. 


. A. Osterholm 
.F. Jr. 
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Board of Governors: P. Robinson, R. Thomas Board of Governors: F. L’Anglais, A. Servant, 3 
qd J. P. Boulay, G. Bastien, L. Larocque a 
Central Indiana 
Headquarters, Indianapolis Chicago 
President..................W. L. Kercheval Headquarters, Chicago, Ill. 
Ist Vice President...............R. I. Drum 
2nd Vice President............H. F. Johnson’ President................C. C. Hansen, Ill 
Secretary................§. Fenstermaker, Jr. 1st Vice President............W. C. Matthews a 
Treasurer...................:1. M. Slepicka 2nd Vice President..............R. K. Howe is 
Board of Governors: J. Lerzak, A. B. Keller, Secretary....................8. L. DeWitt ig 
“ W. Kelley, R. Dimmich Treasurer..................E. B. Terrill, Jr. ‘3 
: Board of Governors: J. W. Hall, E. J. Robertson = 
Central Michigan 
President......................R. L. Wick Headquarters, Cincinnati, Ohio Bo 
Ist Vice President........... J. H. Jennings 
2nd Vice President...............J. E. Gire  President...................C. P. Wood, Jr. 
Secretary....................H R. Keweger Vice President................C. J. Kammer 
Treasurer..................-€. M. Knudson Secretary N. E. Rau 
Board of Governors: R. Wright, W. M. Hassen- 
b plug, F. Crotser 
y 
Central New York 
Headquarters, Syracuse Cleveland 
lst Vice President. . .......B. P. Morabito see 
Board of Governors: J. F. Smith, L. L.  Secretary....................J. W. Wickert 
: R. M. Hepner, D. J. 
Noeth, V. 
Central Oklahoma a 
H Oklahoma 
Columbus 
....W. H. Stewart 
Vice President..............J. T. McKinney Headquarters, Columbus, Ohio Ke 
President.....................E, T. Stluke 
Ist Vice President..........G. H. Reverman 
2nd Vice President............J. W. Hensel we 
Secretary..................H. E. Barnebey 
President. Bt Short 
Vice President..................R. C. Niess 
Hi 
President.......................A. Servant Board of Governors: R. M. Kilpatrick, J. P. ie 
Vice President.................J. P. Boulay Jordan, M. L. Brown, Sr. a 
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G. L. 


D. H. Clague J. D. 
: T. . O. Board of Gonsunenet T. E. Brewer, 
Gendler, K. Guttman 


ley, L. Fletcher Hoffman, D. C. Delinger, A. R. Hanckel, 
H. L. Bregman 


Houston 
Headquarters, Houston, Tex. 


Ist Vice President. ...J. B. Buckley 
...H. W. Wortmann 2nd Vice President 


Backer 
Board of Governors: E. E. Ransom, Jr., J. T. 
Ames, W. A. Jackson 


......... Asheraft. Board of Governors: W. S. Maxim, H. Stevens, 
thi J. C. Scott, W. V. Richards 


Illinois-Iowa 
Headquarters, Moline, Ill. 


Board of Governors: J. B. Benbow, J. R. Lewis, 
Booed of Governors: R. A. D. M. L. Smith, J. Sandberg, 
. S. Hannon 


Manrique 
Inland Empire 
Headquarters, Spokane, Wash. 


Forth Worth 
Headquarters, Fort Worth, Tex. 
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Dayton Golden Gate 
: Headquarters, Dayton, Ohio Headquarters, San Francisco, Calif. 
Vice President...................D. G. Ely Vice President...............D. A. Delaney 
Secretary . R. E. Comstock Secretary L. E. Dwyer 
Treasurer iveton 
Board of | 
J. 
Hampton Roads 
East Texas 
: Headquarters, Norfolk, Va. 
Headquarters, Tyler 
President....... ; ....J. A. Hoffman 
..W. A. Spofford Vice President ............D. C. Delinger 
Vice President. . W. Yeary Secretary ....H. L. Bregman 
Secretary > 
Treasurer 
; Board of 
El Paso ; 
Headquarters, El Paso, Tex. Po 
President 
Vice Pre: 
Secretary 
Board of Governors: W. S. Cook, Jr., J. W. 
Illinois 
H Evansville, Ind. 
eadquarters, Ev H 
Ist Vice President............C. L. Herndon President... .... Streb 
2nd Vice President............D. S. Phillips Vice President... . ..D. Parkhurst 
3rd Vice President D. Kuhlenschmidt Secretary Vreuls 
President....................D. G. Johnson 
President........... _...M. Mooney Vice President ......M. L. Smith 
Secretary................H. E. Cunningham A. Schafer 
Treasurer......................N. MeVean Board of Governors: R. B. Campbell, H. U. 
: Board of Governors: J. Chatmus, M. Kaasted Wright, G. W. Schoen 
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of Governors: R. W. Rademaker, H. B. 


J. 
Board of Governors: R. A. Wells, R. R. Schilling 
R. W. Flanagan, J. R. Bain 


Board of Governors: R. E. Larkin, G. H. Avery 


W. M. Chapple, W. W. 
Popyk, J. K. Thornton 


Besemer, J. 


Middle Tennessee 


Board of Governors: A. J. Sneller, a | Headquarters, Nashville 
Dukelow, H. A. Burkhart, R. a 
G. Hart 


Long Island 
Headquarters, Garden City, N. Y. 


Board of Governors: C. E. Amick, F. aie 
Minnesota 
Headquarters, Minneapolis 


Board of Governors: S. M. Walzer, H. Quick, 
S. Williams 


Board of Governors: J. A. Craig, v. D. 
Wissmiller, D. F. Swanson 


: 
lowa Board ig 
Abbott, K. J. Roy, R. W. Anderson, J. A. ie 
Pietsch, L. P. Bryant, L. J. Czerwonka, se 
R. F. Logsdon, J. N. Schuler 
ey Vice President....._.........E. C. Giberson 
er Secretary... ........L, Kelley Manitoba 
on 
President... . . _........4. M. Leiterman 
Vice President. . ....K. MeCartney 
Jacksonville Secretary... . ....D. J. Woolley 
P Board of Governors: W. J. Atkinson, K. B. = 
Headquarters, Jacksonville, Fla. Watson, H. R. Skinner = 
C. Van Wagenen 
Vice President. ....... ....A. F. Duffe 
= Secretary......................F. P. Griffo Memphis 
y Board of Governors: G. B. Johnson, M. Newall Headquarters, Memphis, Tenn. Es 
lat Vieo «eel 
Johnstown 2nd Vice President ..............T. Turner “4 
Headquarters, Johnstown, Pa. Treasurer... . . 
Vice President...............C. V. Barnhart 
Secretary M. J. Hostetler 
President.......... _..J. G. Black, Jr. 
Kansas City Vice President.................R. E. Maund ee 
Headquarters, Kansas City, Mo. Treasurer = W.-M. Dull 
Boa: 
b lst Vice President ............E. M. Hopkins oy 
it 2nd Vice President... _.... .E. Engelhardt 
Nichols 
vice President . W. Moats 
n 
Vice President.................W. G. Kane 
President................J. W. McNamara 
Vice President... . Peterson 
Headquarters, Louisville, Ky. = 
Mississippi 
i President................R. W. Rademaker ae 
: Ist Vice President..............H. B. Abbott Headquarters, Jackson aa 
2nd Vice President................K. J. Roy J 
Secretary..................R. W. Anderson President................C. E. Strahan, Jr. 


Board of Governors: K. E. Buck, E. E. Heblon, 
W. J. Schilling, Jr. 


tary 
Membership Secretary.......... 
Headquarters, Montreal, Que. Board of Governors: W. T. Kane, A. L. Wind- 
man, M. A. Bell, J. M. Morse 


W. Bingham, T. K. Birss, H. J. Mattocks, Wy. 
J. C. Springer ice President.......... 


Bend af Colton Jr. K. E. 


yckoff 


Beard. of D. Mo- 
Coppen, J. A. Mitchell, M. V. Murray 


North Jersey 


Crane Ist Vice President... 
2nd Vice President.............. C. Zimmer 


Board of Governors: G.'V. 
G. Freeman, L. Larkin 


North Piedmont 
Headquarters, Greensboro, N. C. 


Board of Governors: G. Sebree, P. Hood, President... . .......R. D. Funderburk 
L. Classen Vice President .. E. H. G. Farthing 
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Secretary . _.. PP. Maxson New Orleans 
Treasurer....._... ‘ W. P. Harvey 
Board of Governors: B. L. Palmer, B. Lomax, eadquarters, New Orleans 
W. D. Fortner 
Vice President.................R. D. Lewis 
Mobile Secretary................J. F. Albright, Jr. 
Headquarters, , Ala. Board of Governors: H. E. Faller, G. E. 
Sullivan, E. H. Sanford 
Secretary............. E. T. Ehman New York 
Vice President H. F. Burpee 
President 
: Ist Vice President................M. Malloy 
: 2nd Vice President..........C. R. Morrison iagara rontier 
Secretary....... .......D. C. Longman N F 
2nd Vice President A. F. Worden, Jr. 
Secretary R. Jorgensen 
National Capital 
President ..W. C. Hansen 
Vice President. . ........R. J. Ruschell 
V. MeCoy Niagara Peninsula 
Treasurer................W. H. Hobbes, Jr. 
: Board of Governors: W. C. Hansen, R. J. Headquarters, Hamilton, Ont. 
Ruschell, W. V. McCoy, W. H. Hobbes, Jr., 
H. E. Grossman, N. M. Love, E. S. Bern President....... 
Vice President............W. M. McDonald 
> 4 
| Nebraska 
Headquarters, Omaha 
President 
Vice Presi 
Assistant 
Secretary > 
Treasurer 
Board of Governors: W. L. Ryan, C. 
; B. R. Peterson Secretary L. Lieberman 
Assistant Secretary F. C. Hawco 
Headquarters, Albuquerque 
President 
Vice Presi 
Secretary 


Treasurer 
Board of Governors: D. Swaim, 
. F. Bean 


oR 


H. Cosentino, E. Nichols, I. M. Fierberg, 
F. Raible, Jr., E. Johnson 


Board of Governors: M. R. Overbye, D. Ervine, 
F. Nuyens 


E, J. Okins, H. R. Roth, G. C. Toms, W. R. 
Woodcock, L. N. Adams 
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Secretary . S. M. Blount, Jr. Oregon os 
ey President....................E. $. Constant 
Vice President...............J. L. Waymire 
ortheastern Secretary...................C. W. Timmer 
\. Board of Governors: O. T. Jacobson, K. G. i 
Headquarters, Albany Stahl, C. J. Bell ee 
Ist Vice President..............H. V. Cross a 
Qnd Vice President............. .A, Petrecki Ottawa Valley 
Board of Governors: L. M. Brown, F. Sheldon, paprika oe 
Vice President.................J. Partington 2 
Board of Governors: J. Bowie, M. Overbury, 
Headquarters, Tulsa A. Simmonds e 
Vice President...................W. Smith Philadelphia ad 
Headquarters, Philadelphia, Pa. ~ 
Board of Governors: J. Tumilty, R. Shoemaker, i: 
h J. Nichols President..................0, M. Kershock 
Ist Vice President..............D. Plewes 
2nd Vice President............A. A. Lincoln 
Recording Secretary..........O. J. Nussbaum 
Northern Alberta Comsepending Wiske 
q Head t Ed t Treasurer..................P. R. Anderson aa 
: Aka. Board of Governors: L. Mack, J. C. Benson ns 
Board of Governors: A. Stix, V. Carroll, Headquarters, Pittsburgh, Pa. ie 
E. Pantel, H. Fisher, A. McCallum, a 
President....................G. E. Smetak 
Vice President... ...........A. S. Estatico 
Treasurer..................J. H. Llewellyn 
Northern Connecticut Board of Governors: K. M. Newcum, 
H H Toucep, C. Stanger 
sadquesters, 
President.....................A. S. Decker 
Ist Vice President. . _.E. M. Johnson Puget Sound = 
President ._ . 
lst Vice President... . . R. Kirkwood 
Qnd Vice President..............D. Hopkins 
Ontario 
Headquarters, Toronto, Ont. 2: 
Rhode Island iG 
President 
st Vice President... .. ....J. D. Coates Headquarters, Providence 
2nd Vice President............W. A. Mould + = 
Secretary-Treasurer.............J. B. Parker President..................R. E. Wilkinson 
Vice President..................D. J. Kiely ae 
Treasurer..................J. K. MacLean 


of Governies: Wi. Bi Landes, F. H. Teyoe 
W. Nero 


J. Boles 
Board of Governors: T. O. Curlee, B. T. Bootle, 
J. C. Harrison 


South Dakota 
Headquarters, Sioux Falls, S. D 
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Board of Governors: L. M. Dunlap, M. Zimmer- Vice President. . Netid 
man, F. T. Allen, L. J. McPherson, F. J. Secretary....................C. H. Deilgat 
Sarra, J. D. Guillmette Treasurer......................8. Christian 
: Se S. Bayne, D. M. Butala, 
Richmond 
Headquarters, Richmond, Va. 
Secretary.................J. G. Johnson, Jr. P 
Board of Governors: F. J. Weiss, G. J. Wachter, 
H. A. Garber, M. ©. Roache . Yamaguchi 
Board of Governors: R. Cody, W. L. Donley, 
Rochester 
: Headquarters, Rochester, N. Y. 
President...................8. J. Stachelek Savannah 
Secretary................D. D. Hinman, Jr. 
! Board of Governors: J. D. Johnson, B. C. Teal, Vice President................R. E, Kinser 
Rocky M s Graig, C. Courtney 
Headquarters, Denver, Colo. 
Shreveport 
f lst Vice President............R. G. Pritchard 
2nd Vice President. . .....L. D. Niblack Headquarters, Shreveport, La. 
Board of Governors: L. Bindner, E. Heckman, Vice President...................]J. Tarlton 
Sacramento Valley J. Guth, Q. W. Hargrove f 
Headquarters, Sacramento, Calif. 
President....... L. S. Stecher 
Vieo Mandy South Carolina 
1 Secretary M. Laks 
Headquarters, Columbia 
Vice President. . ..........R, F, Lindsay 
i Secretary H. R. King 
Headquarters, St. Louis, Mo. 
President........ ..F. G. Meyers 
Vice President..............J. B. Killebrew 
Recording Secretary..............H. R. Halt 
Corresponding Secretary......C. F. Barmeier P| 
Board of Governors: K. Williams, C. Hartung, t 
J. Cubs President... . . 
; Vice President..................J. Sandfort 
San Diego . Asst. Vice President... .D. Rosenstein 
President... . Jackson Board of Governors: M. Bird 


PERSE 


wre 
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South Florida 


Board of Governors: J. D. Or. D. C. Bell 


Board of Governors: A. A. Hellman, M. Kodmur, _ 


R. H. Jorgensen, P. A. Van Woerkom 


Southern Connecticut 
Headquarters, New Haven 


Tucson 
Headquarters, Tucson, Ariz. 
D. D. Shipley 

Board of Governors: F. H. 1 Bak, D. M 

Heskett 

Utah 
Headquarters, Salt Lake City 

Vice J. Eichers 
Secretary-Treasurer........ R. W. Williams, Jr 


West Texas 
Headquarters, Lubbock 
T. A. Niblack, Jr. 


Board of Governors: W. R. Anthony, Henry 
Bartlett, T. F. Sartor 


arrigan 
Bound of G. DeFeo, rom McElroy, 
R. Cahoon, Packtor 


Toledo 
Headquarters, Toledo, Ohio 
Vice President .R. C. Moorhead 
Secretary... ..D. W. Duston 
W. Bleckner 


G. 
Board of Governors: N. W. Dawe, J. E. Wilkie, 
G. L. Heiser, G. Frost 


Wichita 
Headquarters, Wichita, Kans. 
cat R. Peugh 
P. Bauer 
2nd Vice President. . D. L. Manson 
Secretary........ R. L. Surtees 
Board of Governors: R. Peugh, P. Bauer, D. L. 


Manson, R. L. Surtees, K. S. Stewart, 
F. Osborn 


Vice President... ............J. E. Beard 

Board of Governors: J. Lotz III, A. R. Martin, ” 

Jr., J. L. Middleton i 

South Piedmont 

Headquarters, Charlotte, N. C. 

Vice President. ......D,_ Rickelton 

Board of Governors: L. Peterson, G. Wilcox, ES 

Board of Governors: E. V. Quercash, J. M. V. Q. Tregeagle, R. Oliver be 

McDermott, D. P. Schiwetz 

Southern Alberta 

Headquarters, Calgary, Alta. 

President... .. . ...N. J. Howes 

Vice President . _....E. W. Deeves 4 
Secretary..... ....0, Reggin 

Western Massachusetts 

Southern California 

Headquarters, Springfield 

Headquarters, Los Angel i 

President... _......J. C. Hall Ist Vice President... ..........K. W. Maki 

Vice President ..B. L. Hutchinson, Jr. 2nd Vice President ....J. Tropp es 

in 

Western Michigan 

.........E. Olsson Ist Vice President............D. A. Rackliffe 

lst Vice President. . ..G. A. Dion 2nd Vice President. . .....W. Wessels 

Secretary S. Bronski Treasurer..................C. W. DeKorte 


LOCAL CHAPTER OFFICERS—Jvu_y—Decemser 1961 


Student Branches 
Auburn University 


Faculty Advisor Prof. T. Min 


California State Polytechnic College 
Headquarters, San Luis Obispo 
Faculty Advisor .Prof. J. A. Hayes 


North Carolina State College 


Oregon State Collese 
“ Faculty Advisor... Prof. G. E. Thornburgh 


Purdue University 
Headquarters, W. Lafayette, Ind. 
Faculty Advisor .Prof. F. B. Morse 


Texas A. & M. College 


Headquarters, College Station 
Faculty Advisor . Prof. L. S. O’ Bannon 


University of Detroit 
Headquarters, Detroit, Mich. 


President G. F. Bertolini Faculty Advisor ........ . Prof. J. B. Olivieri 
Vice President .L. Chieregatti 
Secretary. . ....G, duBot 
Treasurer ..U. Stefanutti University of Toronto 
Board of Directors: G. F. Bertolini, L. Chiere- 
gatti, G. duBot, U. Stefanutti, L. Jouane, Headquarters, Toronto, Ont. 


A. Stradelli, M. Santagostino, E. Barbieri, 
L. Mazzini 


Faculty Advisor . Prof. F. G. Ewens 
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Wisconsin 
Headquarters, Milwaukee 

President 

lst Vice 

2nd Vice 

Secretary... . am 

Teeaserer:. Sobulz 

Board of Governors: J. Douglas, J. Eagle, 

J. Illingworth 
Special Branch 
Headquarters, Raleigh 
Headquarters, 
Curundu, Canal Zone Faculty Advisor. ..... Prof. R. B. Knight 

President... . I. Fong 

Ist Vice 
2nd Vice 
Secretary . 
Treasurer 
Overseas Branches 
Switzerland 
: Headquarters, Zurich 

President. . . A. Kummer 

Vice President ..H. Parli 

Secretary... ..T. Kohli 

Treasurer. . .M. Koenig 

Headquarter ....H. Brown 
Italy 

Headquarters, 
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BY-LAWS 


AMERICAN SOCIETY OF HEATING, 
REFRIGERATING AND AIR-CONDITIONING ENGINEERS 


(Incorporating those amendments approved by the membership at the 
67th Annual Meeting at Vancouver, the Semiannual Meeting in Chicago and the 68th 
Annual Meeting in Denver) 


ARTICLE I-—Incorporation 


Corporations Law of the State of Mow Youk and sated the “Society.” 


eration, Air Conditioning, and Ventilation, and the allied arts and sciences, for the benefit of 


general public. 
ARTICLE II—Government 


Section 2.1 The Society shall be governed by the Laws of the State of New York, its Certifi- 
cate of Consolidation, its By-laws, the Rules promulgated by the Board of Directors in harmony 
therewith, and all amendments to the foregoing. 


Section 2.2 The Society shall neither approve any engineering project or commercial product, 
nor allow its imprint or name to be used in any commercial work or business, except that it shall 
be permissible for a manufacturer to state in any manner deemed proper that a product has 
been tested, or tested and rated, in accordance with an ASHRAE Standard, giving the number of 
the Standard, however, the Society shall not engage in the testing or rating of such products in 
behalf of any manufacturer. 


religion, or solely to trade shall not be discussed at 
any meeting of the Society, nor be included in any of its publications. 


Section 2.4 As used in these By-laws, the use of “Member” (with a capital M) refers to a 
member of that grade or higher as set forth in Section 3.1, and the use of “member” (with a 
small m) refers to a member of any grade. 


only by its officers, directors, committee members, Chapter and beni See Gee SS 
Branch committee members, and members of its staff. 


Section 2.6 The administrative year of the Society shall begin at the Ann Meeting upon the 
tion of their successors. The fiscal year shall be determined by the Board of Directors. 


Section 2.7 All business meetings of the Society, Board of Directors, Executive and other Com- 
mittees shall be governed by the rules of procedure contained in Roberts Rules of Order, Revised, 
where the same are not inconsistent with the law or the provisions of the Certificate of Consolida- 
tion, the By-laws, or special rules of order of the Board of Directors. 


Section 2.8 The Board of Directors shall designate one or more of the publications of the 
Society for the publishing of official notices to the members. 


ARTICLE I1I—Membership 


Section 3.1 The grades of membership in the Society shall be designated as follows: (A) 
Honorary Members, (B) Presidential Members, (C) Fellows, (D) Life Members, (E) Members, (F) 
Associate Members, (G) Affiliates, and (H) Students. 

Section 3.2 Honorary Member—Any notable person of preeminent professional distinction may 
be elected an Honorary Member. 

Section 3.3 Presidential Member—Upon the installation of his successor, the outgoing President 
of the Society shall b a Presidential Member. Past Presidents of either predecessor society 
shall become Presidential + ll By 

Section 3.4 Fellow—A Member who has attained unusual distinction in the arts relating to 


the sciences of heating, refrigeration, air conditioning or ventilation, or the allied arts and 
sciences, or in the teaching of major courses in said arts and sciences, or who by reason 


ae 
in 

t is 
a 

ae, 


Section 3.8 An Affiliate shall have had experience in technical matters, or 
in b ting, air conditioning or ventilating fields, or shall have an 
interest in the advancement of the Society’s aims, and shall possess qualifications to 


Section 3.9 A Student shall be a person matriculated in a degree-granting or graduate school 
with a curriculum accredited by the Engineers Council for Professional Development or the 


Member, Life Member, Fellow, Member, Associate Member, Affiliate, or Student, as 
the case may be, except in official business of the Society. 


Section 3.12 The rights and privileges of a member shall be personal to himself and shall 
not be delegated or transferred, except that each member entitled to vote may 
written proxy given to another member entitled to vote and dated 
proxy shall be subject to the provisions as set forth in Section 6.1 


Section 3.13 All right, title and interest of a member in the Society, or its property, shall 
on the termination of his membership by death, resignation or otherwise, 


fi 
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of invention, research, original work, or as an engineering executive on projects of unusual 
or important scope, has made substantial contribution to said arts and sciences, and who has attained 
the age of forty-five (45) years, and has been in good standing as a Member for a period of at least 
ten (10) years prior to the date of his proposal for Fellow grade. 
Section 3.5 Life Member—A Member who has been in good standing for thirty (30) years; 
: and who has attained the age of sixty-five (65) years. He shall retain all the rights and privileges 
of his former membership grade. He shall not be required to pay any annual dues or any other fees. 
Section 3.6 A Member, at the time of his admission or advancement: 
(A) Shall be a graduate of an engineering curriculum accredited by the Engineers Council 
; for Professional Development and approved by the Board of Directors, or approved by the Board 
; of Directors, and shall have had no less than six (6) years active practice in the professions of 
engineering or teaching, or both, of which five (5) years shall have been in responsible charge of 
such teaching or engineering work, and who is qualified to direct such work or carry on important 
research or design in the engineering field; or, 
(B) If not such a graduate, shall have equivalent attainments including at least twelve (12) 
years active practice in the professions of engineering or teaching, or both, of which five (5) 
years shall be in responsible charge of such teaching or engineering work, all of a character 
satisfactory to the Board of Directors. 
A license to practice Professional Engineering issued by a legally authorized body whose re- 
quirements as to education and active practice are considered satisfactory and adequate by the 
: Board of Directors may be considered equivalent to fifty (50) percent of the active practice 
requirements. 
Section 3.7 An Associate Member shall at the time of his admission or advancement to the 
Development and approved by the Board of Directors, or approved by the Board 
of Directors. If not such a graduate, he shall have equivalent attainments including at least eight 
: (8) years of engineering experience, all of a character satisfactory to the Board of Directors. 
co-operate with heating, refrigerating, air conditioning or ventilating engineers in the __ 
. ment of the knowledge relating to heating, refrigerating, air conditioning, or ventilating engineer- 
; ing and their application. 
a Institute of Canada, or in a school with a curriculum recommended by the Education 
; Committee and approved by the Board of Directors and pursuing a course of study in preparation 
for the engineering profession. The Student status shall terminate one year after graduation from 
: the school, or one year from the time he leaves the school. 
Section 3.10 The voting membership shall consist of Honorary Members, Presidential Mem- 
bers, Life Members, Fellows, Members, and Associate Members. 
; All members thus entitled to vote may be called herein “voting members.” 
Affiliates and Students shall have no right to vote. 
Section 3.11 No member shall describe himself in connection with the Society in any advertise- 
= printed matter, or any other manner other than as an Honorary Member, 
Section 3.14 Each member, upon his election to membership, shall 
{ the provisions of the Certificate of Consolidation, By-laws, and rules of the Board of Directors, 
and all amendments thereto. 


al 
ed 
st 


the suspended member by registered mail that unless such dues are paid by June 30, he 
cease to be a member of the Society, and upon his failure to cure such default by June 30, his 
membership in the iety shall cease; if any Student shall fail to pay his dues by June 30, the 
delinquent Student’s membership shall cease and the Executive Secretary shall notify such Student 

registered mail that his membership in the Society has ceased; provided that upon written 
app! satisfactorily explaining a default, accompanied by payment of dues, the Board of 
Directors may, in its discretion, rescind any forfeiture of membership. 

Section 3.18 A former member who has resigned, or who has been dropped from membership, 
may be reinstated by payment of the same fees a new member, or may be reinstated as 


ues 

Section 3.19 The Board of Directors may, by 

censure, suspend or expel any member for misconduct in his relations 
of 


and 
Section 3.21 Membership in the Society and advancement in grade shall be in accord with 
procedures and the 


the conditions set forth below. 


Section 3.23 for admission to the Society in the Student grade of membership 
endorsed by a member of engineering faculty of the degree-granting or graduate 
school stipulated in Section 3.9 shall be referred to Admissions d ee for 


Section 3.25 The grade of Honorary Member shall be conferred on no more than three (3) 
persons in any calendar year. The grade of Fellow shall be conferred on no more than fifteen (15) 


Members in any calendar year. 
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Section 3.15 The emblem of membership in the Society shall be worn only by members in i 
good standing. 
Section 3.16 Any member may resign at any time by his written request received by the i 

Executive Secretary, provided his dues are paid in full. : 
~ Section 3.17 If any Fellow, Member, Associate Member, or Affiliate shall fail to pay his dues : 
.. by Oct. 1, he shall be classed as delinquent, and if a voting member shall lose his right to vote; 
if such dues are not paid by Jan. 1, he shall be classed as not in good standing and his member- A 
ship shall be suspended; if such dues are not paid by June 1, the Executive Secretary shall notify re 
il 
d 
of 
it 
) accru 
of all the members thereof, i 
to the Society, after written 2 
tt by registered mail, and 
, an adequate opportunity to be heard before the Board of Directors or a committee of one or more oF 
, Members designated by the Board of Directors. as 
Section 3.20 All applicants for admission to the Society, or for advancement in grade of ou 
| 
Section 3.22 All applications for admission to the Society in all grades except Student grade af 

and all applications for advancement in membership grade shall be referred to the Admissions and oF 
Advancement Committee for investigation and report to the Board of Directors with recommenda- a 

tion as to grade. As soon as practicable after the report, the Board of Directors shall act upon each % 

application by letter ballot. Two (2) disapprovals shall reject any applicant. One (1) disapproval at 

shall require the resubmission of the application to the Admissions and Advancement Committee i 

for further study and it shall make recommendation to the Board of Directors and the Board of ae 

Directors shall vote upon the application at its next regular meeting. Es 
acceptance. Upon approval of the application by the Admissions an vancement Committee, | 
Executive Secretary shall be empowered to issue Student memberships to the approved applicants. a 
Section 3.24 Before submission to the Admissions and Advancement Committee of an applica- a 
tion for election as, or advancement to, Affiliate, Associate Member or Member, the name of the ocr 
applicant shall be published in an issue of the Society’s official journal. 7: 

Section 3.26 Nominations for Fellow shall be made by the Honors and Awards Committee to 4 

the Board of Directors or by petition of not less than ten (10) Fellows and Members. Election shall ah 

be by the Board of Directors by secret ballot and more than two (2) negative votes shall defeat “AG 

the proposal. 

Section 3.27 Nominations for Honorary Member shall be made by the Honors and Awards = 

Committee to the Board of Directors. Election shall be by the Board of Directors upon unanimous ai 

vote by secret ballot. A 

ARTICLE IV—Fees and Annual Dues 1 

Section 4.1 Initiation and advancement fees and annual dues shall be fixed by the Board of i 

Directors from time to time and shall be payable as determined by the Board of Directors, and “ia 

shall be published periodically in the official publication of the Society. ie 


time of his resignation was in good standing. 
Section 4.5 Members of all grades shall receive the official journal of the . Mem 


ARTICLE V—Board of Directors and Officers 


Section 5.1 The Board of Directors shall consist of the President, the Ist Vice President, the 
2nd Vice President, the T: . the immediate Past President; nine (9) Directors-at-Large, with 


interest, 

(2) refrigeration, and (3) air conditioning and ventilation; and ten (10) Regi ctors, 
each from his respective Region. The nine (9) Directors-at-Large shall be divided into three 
(3) groups of three (3) each in each area of membership interest, and the members in each 
group shall hold office for three (3) years, and until their successors shall have been elected 
and installed. Three (3) Directors-at-Large shall be elected at each Annual Meeting, and also 
such additional number, if any, as may be necessary to fill vacancies. 

The ten (10) Regional Directors shall be elected for a staggered term of three (3) years; a 
3-3-4 sequence of the group of ten (10) to be elected annually at the Annual Meeting. 


Section 5.2 The Board of Directors shall hold regular meetings at approximately the time of 
Meetings of the Society. 


may, 
pertaining to the , and shall refer any such questions to the Society upon a majority vote 
taken at a stated or Special Meeting of the Society. 
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: Section 4.2 The Board of Directors may provide for a paid-up membership by one payment 
of a sum fixed by the Board of Directors and such member retain for life all the rights and 

_ Section 4.3 Any member who paid dues for thirty (30) years shall be permanently exempt 

; from the payment of further dues, and shall retain all the rights and privileges of his membership 

grade, unless otherwise deprived thereof. 

Section 44 The Board of Directors, for good and sufficient reasons, may waive the dues of 
any member and the initiation fee of any former member applying for reinstatement who at the 

: grades, except Student and dues paying members whose pro-rated dues amount to less than 

50 per cent of a Member’s dues, shall be entitled to receive the Society’s other publications as 

authorized by the Board of Directors. 

Special Meetings of the Board of Directors may be called by the President or by three (3) 
members of said Board. The Board of Directors shall keep a record of its proceedings and shall 
report on its activities at each meeting of the Society and at the Annual Meeting shall present a 
written report as required by the Membership Corporations Law of the State of New York. 

: A quorum of the Board of Directors shall consist of thirteen (13) of its members. 

Section 5.3 The Board of Directors shall have full and complete management and control 
of the activities, properties, and funds of the Society, subject to the provisions of law, the Certificate 
of Consolidation, and the By-laws. > 

Section 5.4 The Officers of the Society shall be President, Ist Vice President, 2nd Vice 
President, Treasurer, and Executive Secretary. The President shall not be eligible for immediate 
re-election to that office. Elected officers shall receive no salary, emolument or compensation for 
services rendered to the Society, and shall serve for one (1) Society year or until their respective 

p successors shall be elected and installed. 

Section 5.5 All officers of the Society shall perform the duties customarily attaching to their 
respective offices under the laws of the State of New York, and such other duties and services 
incident to their respective offices as are delegated to them in these By-laws and as may from 

time to time be assigned to them by the Board of Directors. 

Section 5.6 The terms of all Officers and Directors shall commence upon their installation 

; during the Annual Meeting and shall continue until their successors have been elected and 
installed. 

Section 5.7 Only Honorary Members, Presidential Members, Life Members, Fellows and 
Members shall be eligible for election as President, Vice President, Treasurer, or Director. 

Section 5.8 At all meetings of the Society and of the Board of Directors, the President, or 
in his absence the Vice Presidents in order of seniority,-or in their absence the Treasurer, or a 
Member selected by the Board of Directors, shall preside. 

A vacancy in the office of President shall be filled by the ranking Vice President, or in the 
event of vacancies in the offices of both Vice Presidents, by election by the Board of Directors. In 
the event of a vacancy in any other office or directorship the same shall be filled by election by 
the Board of Directors until the next Annual Meeting. 


BY-LAWS 


—— 


(2/3) of the Board of 


fiscal year a summary of membership enrollment and other 
such other duties as may be assigned to him by the Board of 


of the 


Section 5.13 The Executive Secretary shall act as secretary of the Board of Directors and 


ne 
pl 
up 


Society following 


, or the President. 


official publication. 


ors m 
pursuan 
Board of 


Section 6.1 Voting at any meeting may 
in good standing of the Society shall be 
after more than three (3) months from its 

bers. 
to 


the 


i 


the 

lots shall 
hall be authorized 
ba! 

hall 


polls for election shall be opened at the opening of 


for a period of five (5) hours. Thereafter the ball 


Section 


shall remain 


The elected candidates shall be installed during the Annual Meeting. 


the Annual Meeting, 
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nt Section 5.9 The Treasurer shall have custody of the funds of the Society and the Society’s = 
ad books of account, which shall be opened to the inspection of any member of the Board of 
od Directors. 

Section 5.10 The expenditures of the Society’s funds shall be governed by the Budget as 5 

pt approved, modified, or from time to time amended, by the Board of Directors, and no additional . 
ip expenditures shall be made without the approval of the Board of Directors. : 
of Section 5.11 The Treasurer, the Executive Secretary, and all Officers, Agents or Employees : 
“4 authorized by the Board of Directors to endorse or execute drafts for the payment of money, shall _ 
give a bond in a penal sum and with sureties approved by the Board of Directors, for the faithful x 

performance of his or their duties, the premiums therefor, to be paid by the Society. a 

rs 
n Section 5.12 The Executive Secretary shall be appointed by the Board of Directors under an i 
s employment agreement approved by the Board of Directors, fixing his salary, term of employment, 3 
and other conditions. The Executive Secretary shall be subject to removal by a vote of two-thirds i’ 

HE Directors present and voting by secret ballot as a meeting. S 

the close 
d pertinent records, and shall perform us 
' Section 5.14 After the close of the fiscal year, the accounts of the Society shall be audited - 
by a certified public accountant approved by the Board of Directors, and the auditor’s report shall a 

be presented by the Treasurer at the next Meeting of the Society, and shall be published in the a 
4 

| Section 5.15 Unless waived in writing or by telegraph or by cable, notice of any regular or ‘a 
special meeting of the Board of Directors shall be given in writing, mailed to the last known ae 

address of each member of the Board of Directors, by the Executive Secretary or the President, or i 

the three (3) members of the Board of Directors calling the meeting, not less than fifteen (15) nor cy: 

more than thirty (30) days before the date fixed for the meeting. 

ARTICLE VI-—Elections 

be in person or by proxy, but only voting mi 

igible to act as proxies. A proxy shal al 

te of execution. Voting for election o Be 

Ind these By-laws, and on questions aa 

be by secret ballot. In the event ie 

|| ectors shall decide the vote. BAe 
Section 6.2 Together with notice of the Annual Meeting, the Executive So im Mmm i. 
appropriate proxies and ballots to members entitled to vote. The proxies and ae 
spaces for write-in names. 8 

be opened 
(3) inspectors of election appointed by the President, who s to fill any : aie 
occurring among such inspectors. The inspectors of election ots and vot a 
valid provided the intent of the voter is clear. The result be report ae 
inspectors of election in writing, and shall be announced by the President on the ie 
a whereupon the terms of the inspectors of election shall expire. hit 
Section 6.4 There shall be published in the official publication of the Society, three months aie 
prior to the Annual Meeting, the names and qualifications of the consenting nominees as submitted ta 
by the Nominating Committee; and two months prior to the Annual Meeting, the names and sae 
qualifications of the consenting nominees submitted in proper time by any petitioning group. " 
Section 6.5 The President, Vice Presidents, and the Treasurer shall each be elected to serve qe 

in their respective offices for a term of one (1) year. The Directors shall each be elected for a PE 
term of three (3) years, one-third (1/3) of them to be elected each year, or as specified in He 
Article V Section 5.1 ae 


i 
i 
i 


| 


1) 


the Society or amy member or members thereof. During intervals between 


Directors meetings, the Executive Committee shall exercise administrative powers of the 
Matters of policy determined by the Executive Committee between meetings 


to 


lating 


It shall investigate and make reports and recommendations to the Board of Directors regarding 


Section 8.8 The duties and functions of each of the Committees shall be as follows: 
Section 8.8.1 The Executive Committee shall consist of the President, who shall 
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ARTICLE VIlI—Meetings 
i Section 7.1 The Annual Meeting of the Society shall commence on a day and at a time fixed 
by the Board of Directors, at approximately the middle of the calendar year, and shall continue 
| from day to day until adjourned. 
Semi-Annual Meetings shall be held at such times as may be fixed by the Board of Directors. 
Special Meetings may be called at any time by the Board of Directors, and shall be called by the 
4 Board of Directors upon the written request of the President, or fifty (50) members of the 
Society. Meetings shail be held at such place or places as the Board of Directors may designate, 
and shall be governed by the laws of the State of New York, the Certificate of Consolidation, and 
these By-laws. At any meeting of the Society, the presence of fifty (50) members entitled to vote 
in person or by proxy shall constitute a quorum. 
Section 7.2 Notice of the Annual and Semi-Annual Meetings of Society shall be published 
im the official publication of the Society. Notice of any Special Meeting of the Society shall be 
2 given in writing by the Executive Secretary and mailed, postage prepaid, not less than twenty (20) 
’ nor more than forty (40) days before the date fixed for the meeting, to each member of the 
Society at his last known address appearing on the records of the Society. 
Notice of a Special Meeting shall state the purpose for which the meeting is called, and no 
5 business other than that set forth in the notice shall be entertained or transacted thereat. 
‘ ARTICLE VIII—Committees 
Section 8.1 Committees of the Society shall consist of General Committees and Special 
Committees. 
os: Section 8.2 Unless otherwise provided, the General Committees, and the respective Chair- 
men thereof, shall be designated by the President with the approval of the Board of Directors as 
soon as practicable after the close of the Annual Meeting of the Society. 
Section 8.3 The Board of Directors shall prescribe the qualifications of members of committees 
a and the number of committees. it may in addition, unless otherwise provided, adopt rules specifying 
the size of committees, the length of term members may serve, when members may be reappointed, 
4 selection procedure, and approval of appointments. 
Section 8.4 The Board of Directors may from time to time create other committees of one 
f (MI or more members, and define their powers and duties, and it may abolish any such 
Executive Education 
i Finance Honors and Awards 
; General & Administrative Coordinating International Relations 
Technical Coordinating Meetings Arrangements 
Divisional Advisory Membership Development 
Regions Central Nominating 
Chapters Regional Professional Development 
Long-Range Planning Program * 
Advisory Board—Past Presidents Publications 
Admissions and Advancement Public Relations 
Charter & By-laws Research & Technical 
Exposition Standards 
: Guide & Data Book 
| 
Chairman, the immediate Past President, the Ist Vice President, the 2nd Vice President, and the 
matters 
Board of 
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of the Board of Directors shall be submitted to the Board of Directors at its next meeting for 


Section 8.8.2 The Finance Committee shall consist of five (5) Members the 
Treasurer, one Vice President and three (3) others, each of these three (3) to serve a term of 
three (3) years. The President appoint one of these last three (3) committeemen year, 
shall select the Vice President who is to serve, and shall fill any vacancies. of three-year 


Section 8.8.3 The General and Administrative Coordinating Committee shall consist of the 
committees: 


and 
three (3) Members-at-Large appointed by the President of the Society. It shall be the duty of the 
to coordinate the activities of the committees named in this Section. 


Section 8.8.5 The Divisional Advisory Committee shall consist of the nine (9) Members-at- 


is 
of the Society. 
Wherever twenty-five (25) or more members » a Chapter, or two hundred (200) or more 


nationally signify 
respectively, in a specialty within the Relds defined in Section 1.2 this Committee and the Board 
Directors shall provide all reasonable facilities customarily provided to other specialties. 


and the Regional Directors. The said committee shall consider and report 
Board 


the 
the Executive Secretary of such selections. The alternate members of Chapters Regional 


Section 8.8.10 The Admissions and Advancement Committee shall receive all 
recommend the names of all applicants and the grade 


if 


| appointees shall be a member of the Board of Directors. Gy 
Admissions and Advancement, Education, Honors and Awards, Meetings Arrangements, Me 
Membership Development, Professional Development, and Public Relations; and shall have a Vice x 
President as Chairman. It shall be its duty to promote and coordinate participation by the a 
members in the activities of the Society falling within the purview of said committees. fe 
Section 8.8.4 The Technical Coordinating Committee shall consist of the Chairmen and im 

Vice Chairmen of the Program, Publications, Research and Technical, Standards and Guide and eas 
whose major interests shall be in the particular category represented. It shall be the duty of the be 
Committee to review, and advise the Board of Directors, when it deems that any area of member- - 
ship professional interest is not being duly represented or recognized. | 
It is the duty of this Committee to report in detail at each meeting of the Board of -Directors mai 

concerning the policies, procedures and operation of the Society and its Chapters; it shall coordinate mn 
the activities of the Chapters Regional Committees; and it shall investigate applications for the eo 
creation of Chapters, and report thereon to the Board of Directors. a 
Section 8.8.7 The Advisory Board, consisting of the Past Presidents shall advise the Society a 
on matters of basic Society policy or interest. Bui 
Section 8.8.8 Chapters Regional Committees, each serving one Regional Area, and each — 
consisting of the Regional Director for the area and one (1) member and one (1) alternate mem- <3 
ber selected by each Chapter therein, to serve for a term of one (1) year. The said committees oe 
shall solicit from the Chapters and Branches within their respective Regional Areas recommenda- ae 

tions concerning the policies, procedures, and operation of the Society, its Chapters and Branches, he 
review the same, and make recommendations thereon to the Regions Central Committee. Said com- ) 
Commi! A 4 

but shall not vote therein except in the absence of the committee members for whom they ; a 
respectively are alternates. The said committees shall hold committee meetings not earlier than Sh 
forty-five (45) days after the Annual Meeting. Each Regional Director shall be the Chairman of ee 
Section 8.8.9 The Long Range Planning Committee shall consistently make the necessary - 

studies to prepare for and recommend to the Board of Directors, long range planning on the aims By 

and activities of the Society which in the opinion of the Committee would affect the future rhe 
whic! le, except membership grades conferred as an honor, and =H 

report to the Board of Directors. The correspondence, information obtained, and proceedings of ie 

said committee shall be secret and confidential, and its records concerning unsuccessful applicants ae 

shall be destroyed within a reasonable time. ne 
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of Consolidation, By-laws, 


Section 8.8.12 The Education Committee shall advise the Society in its educational pro- 
grams, in its relations with educational institutions, and those matters pertaining to the require- 
ments for membership of students and graduates therefrom, and related matters. 


Section 8.8.13 The Exposition Committee shall coordinate the activities of the Society with 
expositions, shows, and the like, related to the arts of heating, refrigeration, air conditioning and 


the candidates 


Section 8.8.16 The Meetings 


Committee shall study the suitability of locations 
facilities are available, and shall make its 


Section 8.8.17 The Membership Development Committee shall publicize the aims, activities, 
and scientific and educational purposes of the Society toward the end that persons 


duly qualified shall apply for bership th 


Section 8.8.18 The Nominating Committee shall consist of eighteen (18) members, each of 
on Fellow, or Life Member in the Society and shall have been 
a full Member in good standing in the Society for a period of at least five (5) years at their selection 
as follows: One (1) member with one (1) alternate from each region of the Society selected by the 
Chapters Regional Committees; six (6) members with six (6) alternates selected by the Board of 
Directors of whom two (2) members shall represent each of the three (3) major areas of membership 
interest, namely, (1) heating, (2) refrigeration, (3) air conditioning and ventilation; one (1) 
member selected by the President from the last prior Nominating Committee, and the last preceding 
Past President who will not be a member of the Board of Directors during the year of service of 
the committee, and who agrees to serve, shall be its Chairman and shall have the right to vote. 

The Nominating Committee shall serve during the Society year, except that the term of service 
shall begin with the opening of the Annual Meeting. Members and alternates shall be selected 
during the Society year preceding their year of service, as follows: Regional selectees by the 
Chapter Regional Committees at their regular called meetings, Board of Director selectees by the 

tt their Semi-Annual meeting, and the presidential selectee, by the President of the Society at 
lections becoming 


Board a‘ 
the time of the Society’s Semi-Annual Meeting, with all se effective on the 


opening day of the Annual Meeting. 

There shall be no more than one (1) member and one (1) alternate from any one (1) Chapter, 
no more than three (3) members and three (3) alternates from any one (1) Region on the Nominating 
Committee. No member of the Board of Directors shall be eligible to serve on the Nominating 

Nominations of officers and members of the Board of Directors, other than those nominated 
by the Nominating Committee, may be made in writing by not less than fifty (50) members eligible 
to vote, upon presentation of such nominations, with each nominee’s consent, to the Executive 
Secretary at least sixty (60) days prior to the first session of the Annual Meeting, whereupon the 
nominees’ names shall be placed upon the ballot with a notation that they are presented by 


propaganda or otherwise influencing or ponies to influence legislation, this Committee shall 
endeavor to one greater public recognition of the profession of advancement 


50 
, Rules and Regulations, and make recommendations thereon to the Board of Directors. 
ventilation. 
refrigeration, air conditioning and ventilation, or closely allied fields, and for articles appearing in 
the official publication, and other gifts or awards including membership grades conferred as an 
: honor. The committee shall include a Past President. 
: Section 8.8.15 The International Relations Committee shall represent the Society in its 
Arrangements 
for mectings of the Society and dctermine that 
; recommendations to the Board of Directors. 
achie 
erein. 
members independent of the Nominating Committee. 
Section 8.8.19 The Professional Development Committee shall promote the professional devel- 
opment of the members amid the profession of engineering in general. Without engaging in 
; Section 8.8.20 The Program Committee shall plan the general character of all technical 
: meetings of the Society, and shall solicit, receive, and select papers for presentation at such 
meetings. 
Section 8.8.21 The Publications Committee, subject to the direction of the Board of 
Directors, shall formulate the editorial policies of the Society and all of its publications. The chair- 
man may appoint sub-committees of one (1) or more members to review and report to the com- 
mittee on the quality and appropriateness for publication of papers and bulletins intended for 
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presentation or presented at Society meetings and the 


individual engineer; (B) that such data shall be free from commercial bias; and (C) that such 
data shall tend to advance for the public benefit the sciences relating to the arts of heating, eo 
i . The 


Directors, shall conduct and dinate basic h and technical studies in the fields of heating, 
refrigeration, and air conditioning and ventilation, a to the proviso i ah ae 


In addition to aie nner activities, this committee shall plan for and 
activities of the technical committees appointed to further the advancement ~ the pee and sciences 
of heating, refrigeration, and air conditioning and ventilation, and the allied arts and sciences for 
the public benefit. It shall determine the scope of the activities of each of these technical committees. 
The committee shall consist of twelve (12) members nominated by the Board of Directors, and 
elected by vote of the Board of Directors. (6) 
the Semi-Annual Meeting of the Society to serve for a term of three (3) years commencing with 
the next Annual Meeting of the Society. 
The Chairman, on the recommendation of the Committee, shall appoint such Technical Com- 
mittees as may be deemed expedient to carry out the objectives of the Committee, or to advise it on 
specific projects. 


Section 8.8.24 The Standards Committee shall have charge of the selection, development, 
preparation and submittal to the Board of Directors of all codes and standards in the fields of 
heating, refrigeration, and air conditioning and ventilating engineering, and all revisions thereof, 
to be considered for adoption. It shall cooperate with other organizations in the development, 
preparation, and adoption of codes and standards. 

Following approval by the Standards Committee of a code, standard, or a revision thereof, 
a notice that such is available for comment shall be published in the Society Journal. This aa 
shall state that preliminary copies will be sent upon request and that 
the Standards Committee will be received for a period of sixty (60) days following publication of 
the notice. The Standards Committee, after reviewing such comments, shall make final recom- 
mendations to the Board of Directors for adoption of the code, standard, or revision thereof. All 
written objections which have been overruled by the Standards Committee shall be submitted to 
the Board of Directors. 

Adoption of a code or a standard, or a revision thereof, shall require the approval of the 
Board of Directors, and the Board of Directors shall assure that proper consideration has been 
given to it. 

Following approval by the Board of Directors, a notice of such approval and availability and 
effective date of the code, standard, or revision thereof, shall be published in the Society Journal. 

The activities of the Committee shall be solely for the development of engineering science, 
and the Committee shall not engage in influencing enactment of building or other codes, or in 
propaganda, or other activities designed to influence legislation. 


Section 8.8.25 The Guide and Data Book Committee shall consist of a Chairman and two sub- 
committees, and shall have the responsibility of preparing two volumes of the Guide and Data Book: 
one volume entitled Fundamentals and Equipment, and one volume entitled Applications, published 
in alternate years. Each subcommittee shall have responsibility for one volume and shall consist of six 
members, one of whom shall be designated as Vice-Chairman. 

Upon completion of a volume a new subcommittee shall be ted to prepare the next 
revision of that volume. At least three (3) members of the new shall not have 
served on the previous subcommittee for that volume. 


Section 8.9 All General ees ee Se Committees, except the Nominating Com- 
mittee shall render to the Board of Directors, prior to the Annual and Semi-Annual mere ade 
the Society, annual reports of their activities and shall submit progress reports at other times on 
request of the President. 


ean ein by the President, with the approval of the 
Board of Directors, to coordinate its activities with other organizations or groups having interests 
kindred to those of the Society. 


' discussions thereof. In the performance of a 
, its functions the said committee and its sub-committees shall be subject to the following conditions: = 
(A) that the data recommended for publication shall tend toward the professional education of the z 
Guide and Data Book Committee shall be an ex-officio member of the Publications Committee and ae 
the Chairman of the Publications Committee shall be an ex-officio member of the Guide and Data pe 
Section 8.8.22 The Public Relations Committee shall conceive and direct a program of public = 

relations to make fully known and easily understood the aims, activities and achievements of the e 
| Society as well as its scientific and educational purposes with the object of cultivating and = 
: stimulating the interest of members, other professional people and the general public in the oe 
Society and its affairs. ithe 
i 
; 
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product 


Regions 
and attested by the Executive Secretary. 


by the Board of Directors to each duly authorized 


ARTICLE [X—Chapters and 
be granted 
by the 


of 
the 
of 


consisting of groups outside of continental North America, and Student Branches. 


in 


a 


any 


i 


of 


the direction and 


883 il 


Section 9.3 Chapters of the Society shall be grouped in geographical areas by the Board 
of Directors and each such area shall be designated as a Region. The number and delineations of 


Regions and changes therein shall be published in the official publication. 
Board of Directors. Chapters or Branches shall give no 
literary 
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Section 8.11 Each General Committee at the request of the Board of Directors shall prepare 
an Operational Procedure which shall govern its activities after approval by the Board of Directors. 
as required, with the approval of the Board of Directors. 

2 The Board of Directors may by a two-thirds (2/3) vote remove a member of 
excepting Regions Central Committee, Chapters Regional Committee and Nomina- 
3 Each committee’s actions, proceedings, findings, conclusions and reports shall 

e direction and review of the Board of Directors, and the Board of Directors may 

, or see that such steps are taken by the committees as may be appropriate to 

Charter and By-laws, and to make effective any resolution adopted by the 
or any resolution, rule or directive of the Board of Directors. 
8.14 If any doubt or controversy should arise as to whether a particular subject 
ter is within the jurisdiction of a committee or whether any action should be taken by a 
; tee, or in the case of a committee tie vote, the same shall be settled and determined by 
of Directors. 
4 
9.1 r the 
ms f the 
| of Directors. 
li be 
Branches, consisting ches, 
i the 
ap- 
apter 
leive no salary, ¢ 
not act for th 
: he Society or t 
effects shall t 
pr or Branch sh 
+ and make re 
with the Cha 
ng the policies, 
Ss, except dues, 
: approval of t 
hn Chapter ros 
out the appre 
ions, endorsem 
the promotioy 
Chapter or Branch shall annually elect and install officers p 
the Society. Each Chapter may be provided with funds by the So 
2 ay deem appropriate. 
charters of Chapters, Special Branches and Student Branches, and Overseas 
revoked by a two-thirds (2/3) vote of all the members of the Board of 
preferment of charges, sixty (60) days written notice of hearing sent by 


registered mail to the President of the Chapter or Branch, and an heard 
Board of Directors. 


ARTICLE X—Funds 


i ; of 
Directors is authorized and empowered, in any fiscal year in which the Society’s revenues may be 
insufficient to meet expenses, to utilize a maximum of twenty percent (20%) of the Society Re- 
serve Fund as valued on the first day of the fiscal year in which such a withdrawal may be 


Section 10.2 Allocation of Dues for Research. Unless changed by the Society at an Annual 
or Special Meeting, a percentage determined by the Board of Directors of the dues shall be al- 
located for basic or fundamental research in the principles and laws u m in 
arts relating to the sciences of heating, refrigerating, and air conditioning 


and 

Section 10.3 Investment of all funds of the Society shall be made by the Treasurer upon 
direction of the Finance Committee or the Board of Directors, or under such 

as are approved by the Board of Directors. 


ARTICLE XIl—Amendments 


Section 11.1 Prerequisites. These By-laws may be amended by a two-thirds (2/3) vote 
the Society at an Annual or Semi-Annual Meeting thereof, provided that written notice of 
proposed amendment, subscribed by two-thirds (2/3) of the members of the Board of Directors 
or by fifty (50) Members, be given at a previous stated or Special Meeting, and that notice thereof 
as pertinently amended by majority vote at said stated or Special Meeting be also given by the 

Secretary in the notice of the Annual or Semi-Annual Meeting. 


Section 11.2 Renumbering. The Board of Directors may, by a two-thirds (2/3) vote, re- 
number existing articles or Sections of these By-laws. 


ARTICLE XIl—Interim Provisions 


Inasmuch as this Society is a corporation formed by the consolidation of the AMERICAN 
Socrety or HEaTING anp Arr-ConpITIONING ENGINEERS, INC., and The American Society of 
Refrigerating Engineers, known as the constituent corporations, and as ASHAE and ASRE res- 


pectively; and 
inasmuch as the members of the constituent Societies desire to continue the officers and directors 
of the respective constituent corporations for the welfare and benefit of the consolidated corpora- 


tion and its members; and 
Notwithstanding any provisions of these By-laws of this consolidated corporation to the contrary, it 


is understood and agreed that the By-laws of this consolidated corporation shall include the follow- 
ing interim provisions: 


(A) The officers and directors shall be persons named and for the terms specified in the 
schedule which is made a part of the agreement for consolidation of the constituent Societies, and 


which schedule is made a part hereof; 
(B) Upon the death, or inability or fail 
for his 
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Section 10.1 Society Reserve Fund. Admission fees and such other funds as may from time to in 
time be recommended by the Finance Committee and allocated by the Board of Directors shall os 
required. 

4 

ALE 

lure to act, of any of said officers or directors, his tei 

ed at the next meeting of the Board of Directors al 

and the person so elected shall be from the same constituent Society as his predecessor; and oe 
(C) After the expiration of the terms of all officers and directors as provided for in said af 
schedule, then these interim provisions and this Article XII shall become null and void. an 


ASHRAE Transactions 
ACCOUNTANT’S REPORT 


Amenican Socrety or HEATING, REFRIGERATING AND A1rn-CONDITIONING ENGINEERS, INC. 
In accordance with the authority contained in the minutes of the meeting of the Board of 
Directors on June 12, 1960, we have examined the Consolidated Statement of Financial Condition 


of the American Socrety or HEATING, REFRIGERATING AND Atn-CONDITIONING ENGINEERS, INC., 
New York, N. Y. at June 30, 1961 and > consolidated results of its operations for the year then 
with lly accepted auditing standards, 


ended. Our examination was 


and 
we considered ‘necessnsy in the circumstances. 
In our opinion, the accompanying Consolidated Statements of Financial Condition and of 


Income and Fund Balance of the AmMenican Society oF HEATING, REFRIGERATING AND AIR- 
Conprrioninc Encineens, Inc. present fairly its financial condition at June 30, 1961 and the 
results of its operations for the year then ended. These statements were prepared in accordance 
with generally accepted accounting principles and with the directives of the Board of Directors 
applied on a basis consistent with that of the preceding year. 


FRANK G. TUSA & CO. 
Certified Public Accountants 
Dated September 25, 1961 


CONSOLIDATED STATEMENT OF FINANCIAL CONDITION— 
JUNE 30, 1961 
ASSETS 


$195,875.06 


Net of Allowance of $1,205.93 for Doubtful Accounts 
$168,928.40 


and Agency Commissions . 
Deposits 2,123.00 
Accrued Interest . 1,911.14 172,962.54 


36,459.40 
4,821.18 


Inventories—At Lower of Cost or Market 
Prepaid Insurance and Dues 


Total Current Assets 410,118.18 


INVESTMENTS IN SecURITIES—AtT Cost 

Market Value $526,611.00 ; 462,099.62 
PROPERTY AND EQuiPMENT 

Net of Allowance of $28,024.31 for — 123,992.91 
Dererrep Pusiication Cost 1,323.49 


$997,534.20 


LIABILITIES AND Funp BALANCE 
$199,217.52 


$4,537.25 
7,237.13 11,774.38 


Federal Excise Tax Payable ................. 46.26 
Due to Trustees of AMERICAN Society oF REFRIGERATING 

T 12,826.06 


224,576.42 
772,957.78 


$997,534.20 


Current 
Cash on Hand and On Deposit FY 
Accounts Receivable 
Accounts Payable 
f Prepaid Dues and Admissions 
Candidates 
Elected M 
Total Liabilities . 
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CONSOLIDATED STATEMENT OF INCOME AND FUND BALANCE— 
JUNE 30, 1961 


Travel—Directors and Committees . 
Chapter and Host Chapter Allowances and 


Excess oF Operatinc Income Over OpeEr- 
ATING 
FinanciaL INCOME 


Consotmpatep Funp BaLance—Juty 1, 1960 
ConsoLipaTEeD Funp BaLance—June 30, 1961 


*This item includes: 


Exposition income (deferred to fiscal 1961-62) 


$404,859.15 


12,207.50 


$462,122.11 
73,716.13 388,405.98 


83,244.98 
16,020.73 


83,176.99 


$ 417,066.65 


487,671.69 
24,917.76 
38,483.18 

162,692.98 

2,225.15 


1,133,057.41 


9,239.16 


103,577.60° 
669,380.18 


$ 772,957.78 


$ 81,346.49 
12,207.50 
9,239.16 


$ 102,793.15 


$ 784.45 
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OreRaTING INCOME 

Less Agency Commissions and Discounts ae 
Subscriptions and Other .............. 

General and Earmarked Contributions .._ . 

Prime Cost of Publications .......... 338,992.53 ei 

Publications, Commissions, Promotion and pt 

Annual and Semi-Annual Meetings and 3 by 

Certificates, Emblems, Medals and Awards 4,373.42 Ei 

Pension and Group Life Insurance ....... 9,322.02 4 

Cooperative Research Agreements . 8,833.34 

Printing, Stationery and Office Supplies ... . 
Total Operating Expenses 1,038,718.97 
Interest Earned on Deposits 1,785.00 
‘ Dividends and Interest—Net of Capital Losses 10,278.03 ue; 
Foreign Exchange and Sundry Income ... . 766.39 12,829.42 ee. 

Excess of Pension and Group Life Insurance pis 

Payments over Contributions to Pension 7 

2 Excess or Financia, Income Over OTHER 

ConsotmaTep Net Excess or Income OvER 
ExPENsES 

6 


The fiscal year 1960-61 has been 
one of the most significant in the 
67-year history of the American 
Society of Heating, Refrigerating 
and Air-Conditioning Engineers 
(ASHRAE) and its predecessor so- 
cieties. 

This has been a year of im- 
portant decisions, changi - 
terns, and We 
have taken a long and analytical 
look at our membership, our pub- 
lications, research pr staff 
administration, financial structure 
and professional accomplishments. 
Although the going has been some- 
what hazardous at times, I feel 
strongly that the Society has 
emerged stronger and better united 
than ever before in its activities 
and objectives. 

The office of President has had 
three different occupants, two of 
whom effectively administered our 
affairs during this eventful period 
. . . Walter A. Grant from July, 
1960, to February, 1961, and R 
ert H. Tull from February to July. 
Mine is the first full-year term 
since the merger of our two prede- 
cessor societies in 1959. This oper- 
ation on a semiannual basis has 
been rather difficult. The short 

riods of the Officers, Board of 
Directors, duplication of offices 


and of personnel have made it 
troublesome to operate on an effi- 
cient scale. 


ASHRAE TRANSACTIONS 


ASHRAE ANNUAL REPORT 
COVERING THE FISCAL YEAR 1960-61 


A MESSAGE FROM THE PRESIDENT 


Cleveland and two in New York. 


During the fiscal , plans were 
consolidated to Pen. all of the 
staff into the new United Engineer- 
ing Center and the resultant uni- 
fied operation of 40 1 is 
much more convenient and produc- 
tive. The only staff member not 
located at is the mid- 
west advertising representative. 
Several staff positions have been 
added to accommodate more com- 
letely all aspects of the Society. 
ese include an Associate Secre- 


tary, Assistant -Public Re- 
lations and Fund Raising, and Man- 
ager of Research. 


Probably the most critical is- 
sue of the year was the decision 
by the Board of Directors to ex- 
pand the ASHRAE research pro- 
gram by grants-in-aid to colleges 
and private laboratories and to 
close our laboratory in Cleveland. 
In existence since 1919, the labo- 
ratory had an impressive record of 
accomplishment and was ed 
with pride and affection by man 
of our members. However, the hi 
overhead, the scarcity of skilled 
research 1 and the inflexi- 
bility of our made its 
closing advisable and inevitable. 
We are confident that our new pro- 
gram will be successful. 


56 
j In the past, staff administra- 
staff was divided at locations, 


M dropped slightly, 
presenting ai major aspect of 
the Society's activities for rea 
praisal and evaluation. Accordingly, 
the Membership Development 
Committee deci to conduct a 
campaign to add 2000 new mem- 
bers by the end of the 1961-62 
fiscal year. Results thus far aoe 

our expectations. As 
November 1, 1961, our membership 
was quite close to the 18,000 mark, 
making ASHRAE the sixth largest 
engineering society in the country. 
During recent months, four new 
chapters have been added, boost- 
ing our number of chapters in the 
United States and Canada to 92. 

There have been considerable 
changes in our publications. The 
number of pages devoted to feature 
articles in our monthly JOURNAL 
has been by a minimum 
of 16 and, in practice, has usually 
exceeded that number. Whenever 
possible, technical papers given at 
annual meetings are reported in 
full and, in many instances, appear 
prior to the meetings. For the first 


time, the two widely Ly aap 
reference sources published by our 


predecessor societies have been 
consolidated into one book, which 
will appear in two volumes .. . 
the new GUIDE AND DATA 
BOOK. The 1961 volume, distrib- 
uted in ber, contains data 
on Fundamentals and Equipment. 
The second volume, on A ‘ad 
tions, will be released in 1 
Although our advertising rev- 
enue has increased almost $50,000 
above that for the previous year, 
creeping inflation and increased 
expenditures have made it neces- 
sary to raise membership dues by 
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10%. During 1960-61, the Society 
has had sizable moving expenses, 
has purchased new office furniture 


and supplies, has broadened the 
scope of its staff retirement and 
i and has insti- 


pension 
tuted a public relations program. 
Additional expenditures in prog- 
ress now, or contemplated for the 
future, are slightly higher rental 
charges for our new headquarters 
space, our membership campaign 
and new membership roster. 
Currently, we are considering, 
subject to the concurrence of the 
Regions Central Committee, the 


elimination of cha allowances 
as of July 1, 1962. This will 
the chapters to have complete au- 


tonomy with relation to 
members, will reduce the cost of 
operations at headquarters and will 
both add to our reserve fund and 
provide us with more money for 
research. 


We are focusing more atten- 
tion upon our international activi- 
ties, increasing our affiliation with 
foreign engineering societies and 
cooperating with the American 
Standards Association in formu- 
lating international standards. 

The location of our staff in the 
United Engineering Center has 
brought us into closer relationship 
with other engineering societies, 

ially in areas of public 
relations and education. We are 
proud of our new headquarters and 
cordially invite all members to visit 
this impressive building, to meet 
our staff and to become more fa- 
miliar with our complex operation. 


JOHN EVERETTS, JR. 
President 
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This year, ASHRAE has budgeted 
$150,500 for research, the bulk of 
which will be financed by industry 
contributions ahd by income from 
the biennial International Heating 
and Air-Conditioning Exposition, 
by our Society. 
from general Society funds. 

As the first step in this program, 
the Society has Aarts its Re- 
search and Technical Committee 
structure. Sixty-nine Technical Com- 
mittees are now grouped into 10 sec- 
tions, each section headed by a mem- 
ber of the Research and Technical 
Committee. It is the task of each 
Technical Committee to determine the 
need for research in its area and to 
assist the Manager of Research in se- 
lecting the laboratory facilities best 
able to carry out the needed investi- 
gation. In addition, there are six 
special Task Groups: Physiological 
taminants in Refrigeration Systems, 
Hydronics, Food Refrigeration and 
Food Technology, Applied Heat 
Transfer, and Air Conditioning Sys- 
tem Control. 

Serving on these Committees and 
Task Forces are approximately 600 ex- 
perts, in various fields, who donate 
their time and skills. 
eet. we have made contrac- 

agreements and are negotiatin 

ants-in-aid at the a 

,000 to such institutions as Kansas 
State University, University of Illinois, 
University of Wisconsin, University of 
Kentucky, Case Institute of Tech- 
nology, Northwestern University, Uni- 
versity of Florida, Columbia Univer- 
sity, University of Arizona and Uni- 
versity of California. 

Last summer, ASHRAE transferred 
its controlled environment facility 
from its Cleveland Laboratory to the 


Kansas State Environmental Research 
Center, newly established by the 
Kansas State University of Agricul- 
ture and Applied Science at Manhat- 
tan, Kansas. The latter will continue 
the study of controlled environment, 
carried on by the Society in recent 
. Present ASHRAE grants are 
ae utilized by Kansas State for an 
interim Physiological Research Pro- 
gram and for investigations in heat 
transfer. 

Also, the Society has transferred 
its Solar Calorimeter with all i 
ment to the University of Flovide, 
which will continue ASHRAE’s study 
of air-conditioning loads due to inso- 
lation. The Solar Calorimeter will be 
housed in a 12 x 12-ft. structure at 
the University’s Engineering and In- 
dustrial Experiment Station at Gaines- 
ville. The co-sponsored project is 
known as the “ASHRAE-University of 
Florida Solar Calorimeter.” 

Other projects, now under way or 
in the process of negotiation, are 
Steam and Condensate Flow in Pipes, 
Air-Conditioning System Control, Air 
Filters and Dust in Homes, Boiling 
Refrigerants Outside Rotating Cylin- 
ders, Heat and Mass Transfer in De- 
humidifying Coils, Ventilation Re- 

ment, and Safety of High-Tem- 
perature Water Systems. 


During the past six months, the As- 
sociate Secretary has devoted a ry 
portion of his time to a study of 


ures utilized in keeping mem- 
ip records. Our goal has been 
the im t of the service ren- 


dered to members by headquarters in 
keeping records up to date and in 
providing chapter officers with neces- 
sary information and materials as 
rapidly as possible. 

To facilitate this, we have instituted 


: 


a new IBM system, have developed 

entirely new record-keeping pro- 

cedures and have simplified the ap- 

plication form to be led-in by pro- 
ive members. 

On September 1, the Membership 
Development Committee announced 
add 2000 members 

year 1961-62. With 
ring assistance of ‘the Public Relations 
Committee, promotional materials 
were prepared and made available to 
all chapters. These materials included 
a new booklet--ASHRAE, YOUR KEY 
TO PROFESSIONAL ADVANCE- 
MENT, recruitment posters, cam aign 
instructions and monthly report fo 
The theme of this lai 4 
EVERY MEMBER AN ASHRAE 

ESF have alread 

Sev: ve in- 
creased their membership ng the 

quota assigned to them. Also, the 
Society has added four new chapters 

. Akron (Region V), Chicago (Re- 
gion VI), East Texas (Region VIII) 
and South Dakota (Region IX). It is 
anticipated that several more new 
chapters will swell our ranks before 
the end of the 1961-62 fiscal year. 

A Membership Roster, last pub- 
lished in 1959, will be available to 
all members in early 1962. The new 
roster will list the name of each mem- 
ber, his grade, year he joined the 
Society, his Sectante title and address, 
his home address, and an asterisk to 
indicate his preferred mailing address. 
The roster will also contain a separate 
listing of members by chapters. 


PUBLICATIONS 


Publications are a major contribution 
of the Society to Pho industries, 


libraries, schools, the Government, 
foreign affiliates and institutions and 
to the U. S. Pgs in general. In 
addition to the 


monthly JOURNAL 
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and the annual GUIDE AND DATA 
BOOK, ASHRAE published its annual 
TRANSACTIONS, RESEARCH RE- 
PORTS, PREPRINTS AND STAND- 
f 65 technical 

A 0 most 
of which were 
technical sessions and symposiums, 
appeared in the 12 1960-61 JOUR- 
NALS. This represented an increase 
of 25% in the number of technical 
articles which appeared the previous 


D During 1960-61, the JOURNAL 
was improved in format and typo- 
graphical style and, just recently, a 
senior associate editor was added to 
the editorial staff. 

The new consolidated GUIDE 
AND DATA BOOK incorporates the 
Heating, Ventilating and Air-Condi- 
tioning SCUIDE, published from 1922 
to 1960, and the Refrigerating DATA 
BOOK, 1932-1959. The 1961 volume 
of the two-volume series features 880 
pages of reference material on Fun- 
damentals and Equipment. The 
second volume, on Applications, has 
been in the planning stage for more 
than two years and will be published 
in 1962. 

The 1961 Fundamentals and 
volume contains sections 
on ry, Materials, Load Calcula- 
tions, System Components, Unitary 
Refrigeration Equipment, Air Condi- 
tioning Units and Refrigerant Sys- 
tems: Charging, Cleaning and Lubri- 
cation. Features of this publication 
ters, numerous charts, pe 
tables and 406 pages of ov ow spe- 
cifications 


In scope and depth, this volume is 
the Society’s most complete reference 
book published thus far, containing 
engineering information essential to — 
the planning, installation and mainte- 
nance of climatic control and re- 


frigeration systems. 
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The 1960 Volume of TRANSAC- 
TIONS is the ’s 66th and con- 
tains the unabridged technical papers 
and discussions ted at the 1960 


Semiannual Meeting in Dallas and the 
Sixty-seventh Annual Meeting in Van- 
couver. Also included are the pro- 
for these meetings, the officers, 
of directors and committee 
structures for this year, the annual re- 
port of the Research and Technical 
Committee, the financial statement 
and obituaries. 


STANDARDS 


Among ASHRAE activities which 
have a direct and often immediate ef- 
fect upon American living conditions 
are Standards established to assist in- 
oy and the general public. So- 
Standards offer a uniform 
a of testing equipment for rat- 
in gnin 
equipment. The creat creation of ASHRAE 
Standards is determined by the need 
for them. Conformance to these 
Standards, although completely volun- 
tary, is universal. 
The principal Standard published 
by ASHRAE in 1961 was the Method 
of Testing for Rating Room Air Con- 
ditioners. Long desired by industry, 
this Standard prescribes a ‘ential of 
am bay for rating room conditioners 
to obtain ities 
air flow Another im 
portant Stan » now 
—_ is the Measurement of Sound 
‘ower Radiated from Heating, Re- 
frigerating and Air-Conditioning 
Equipment. It is acknowledged that 
proper sound control with respect to 
air-conditioning systems cannot be 


sound produced by this t. 
equipmea 
Standards developed or re- 


Other S' 
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vised by the during 1960-61 
include those for: Testing for Rating 
Water-cooled Refrigerant Condensers; 
Testing for Rating Liquid Coolers; 
for Rating Remote Mechan- 
ed Evaporative 
ab Testing for Rating Uni- 
Testing and Ratin 
Vacuum Heating ps; de 
Rating Self-Contained Mechanically 
Refrigerated Drinking Water Coolers; 
and Testing for Rating Unitary Heat 
Pumps for Air Conditioning. 

Notable was the adoption of our 
Designation of Refrigerants Standard 
as an American Standard through the 

ures of the American Standards 
Association (ASA). 
In October, 1960, the Technical 
and two ASHRAE Mem- 
bers were U.S. delegates at the Paris 
Meeting of the International Organi- 
zation of Standardization. The areas 
of interest in which these delegates 
were concerned primarily were the 
number designation of refrigerants 
and the testing of factory-assembled 
air- units. Several 
ASHRAE Standards were di 
at this Meeting and were proposed as 
the bases for future international 
standards. 


ASHRAE PSYCHROMETRIC 
CHART 


Perhaps the Society’s most significant 
technical contribution during the past 
year is the devel t of a new 
psychrometric chart, the result of 50 
years of analysis and study. 

This new chart shows the d 
of moist or dry air as determined 
the properties of temperature, heat 
content, moisture content and air vol- 
ume. Basically an enthalpy-humidity 
ratio chart, it shows such factors as 
dry bulb, wet bulb, dew point, heat 


means for measurement of 


content, humidity ratio and volume 
information. 
NATIONAL MEETINGS 


izant of the limitations of time 
and money, ASHRAE has geographi- 
cally rotated its annual meetings in 
order to give more members the op- 
portunity to participate in national 
activities and to keep abreast of up-to- 
date professional developments. Since 
the summer of 1959, the five annual 
meetings have been held in Lake 
Placid, N. Y.; Dallas; Vancouver, B.C.; 
Chicago and Denver. Meetings sched- 
uled for the near future will be held 
in St. Louis (Jan.-Feb. 1962) and 
Miami (June 1962). 

In February 1961, 3319 members 
and guests i for the Semi- 
annual Meeting in Chicago. Concur- 
rently, more than 21,600 visitors at- 
tended the 15th International Heating 
and Air-Conditioning Exposition, 
sponsored by ASHRAE. Nearly 500 
exhibitors displayed their equipment 
at this show. The Meeting program 
featured four technical sessions at 
which 16 papers were presented, five 
Symposiums and six Forums. Guest 
of Honor was the Honorable Leslie 
Rayner, President of the Institution 
of Heating and Ventilating Engineers, 
London, England. 

In June, at Denver, total attendance 
for the 68th Annual Meeting exceeded 
600. There were three technical ses- 
sions at which 15 pa were given, 
four Symposiums and seven Forums. 

A feature of the forthcoming four- 
o Semiannual Meeting in St. Louis 

ill be 20 research exhibits oie 
significant educational and r 
developments in our industry. 

In November, ASHRAE partici- 
pated in a joint session with the 
American Society of Mechanical En- 
gineers (ASME) on the ee sub- 


ject of psychrometry and in special 
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observance of the 50th anniversary 
of the development of the rational 

chrometric formulae as published 
by the late Dr. Willis H. Carrier. 


HONORS AND AWARDS 


professional dev 
confers five major awards. All of these 
awards were presented in June 1961 
at the 68th Annual Meeting. 

The highest award—the F. Paul 
Anderson Medal—was bestowed on 
J. Donald Kroeker, President of J. D. 
Kroeker and Associates, consulting 
engineers in Portland, Ore. Mr. 
Kroeker was cited for his ou i 
contribution to the advancement 
the Society, to that of his chosen pro- 
fession and to the industry with which 
his activities were allied. 

Winner of the ASHRAE Klixon 
Award for 1960 was e V. Down- 
ing, Jr., Merck Sharp & Dohme Re- 
search Laboratories, Rahway, N. J., 
for his , “Thermoelectric Mate- 
rials,” which appeared in the Novem- 
ber 1960 issue of the Society JOUR- 
NAL. This award is sponsored by 
the Spencer Thermostat Div of Metals 
and Controls C tion for the best 
paper published in the ASHRAE 
JOURNAL on a subject relating to 
electric motors or controls. The Kli 
Award consists of $150 and a cer- 
tificate. 

The Wolverine-ASHRAE Diamond 
Key Award was presented to Bruno 
F. Morabito for his paper, “How 
Higher Cooling Coil Differentials Af- 
fect System which ap- 

in the August 1960 issue of 


ASHRAE JOURNAL. This award is 

by the Wolverine Tube 
Div of Calumet and Hecla for the 
best paper published in the ASHRAE 
JOURNAL, March through February. 
This award is a gold key with a dia- 
mond insert. 
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The ASHRAE Willis H. Carrier 
Award was conferred on Carl F. 
i co-author of the paper, 

Determine Oil 


Alan B. Wagner, student at Case 
Institute of Technology, Cleveland, 
Ohio, was 


$600 award is sponsored by 
Addams Memorial Fund to be given 
to a graduate student working on an 
ASHRAE research project. The R and 
T Committee selects the school and 
the school recommends the student. 

In addition to the above awards 
and to the presentation of Fellow and 
Life Member Certificates, ASHRAE 
conferred an Honorary Membership 
on Col. Crosby Field, Presidential 
Member of the Society and President 
of Flakice Corporation. 

Also, the Society presented a scroll 
‘to Cloud Wampler, Chairman of the 
Board and Chief Executive Officer, 
Carrier tion, commemora 
the 50th anniversary of Dr. Wills 
Carrier’s publication of “Rational Psy- 
chrometric Formulae.” These formulae 
are the foundation of all current air- 
conditioning design and the bases for 
ASHRAE’s present Psychrometric 


PUBLIC RELATIONS 


The ASHRAE public relations pro- 
gram picked up momentum in 1960 
with the staff addition of an Assistant 
Secretary—Public Relations and Fund 


Raising. In 1961, a chan 
scope an 


tee. The newly written by-law (Sec. 
8.8.22) now reads, “The Public Rela- 
tions Committee shall conceive and 
direct a of public relations 
known and easily un- 
derstood the aims, activities and 


and stimulating the interest of mem- 
bers, other professional ple and 
the general public in the Society and 
its affairs.” 

Although the chief emphasis was 
on improving internal communications 
and public relations, considerable 
effort was devoted to general and 
trade press coverage, including hold- 
ing a well-attended press erence 
at the Chicago Semiannual Meeting, 
held February 13-16. 


EDUCATION 


Decreasing enrollments in technical 
institutes offering courses in refrigera- 
tion and air conditioning indicate a 
need for leadership by ASHRAE in 
Tha prot interest in these curricula. 

problem is now being investi- 
po by the Education Committee 
which, with the cooperation of the 
Public Relations Committee, is also 
studying ways to make university in- 
structors and students more aware of 
the career potential in our specific 
engineering fields. 

In connection with these investiga- 
tions, a “Procedure and Guide” 
establishing scholarships by local 
ASHRAE cha has been I 
is t this new instruction 

help to increase the num- 

<¥ of chapter scholarships. 
In the planning stage is a revi- 
sion of OPPORTU IN EN- 


aws to 

nsibili- 

: ties of the Public Relations Commit- 

Burner Pulsations and their Ampli- 

tudes,” presented at the Society’s Chi- 
cago Semiannual Meeting in Febru- 
ary, 1961. This award, $250 and a 
scroll, is sponsored by the Carrier 
Corporation for the best paper pre- 

sented at a national meeting by an achievements of the Society as well 

Associate Member under 30 years of as its scientific and educational pur- 

age. Mr. Speich is with the Battelle poses with the object of cultivating 

oro Detitite phere 
Homer Addams Award for 1960. This 
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GINEERING, which has been used 
widely by high schools and guidance 
counselors throughout the country in 
acquainting students with career op- 
ities in our field and the college 

or technical training . 
During April and May, 1962, Dr. 
Rudolph Plank, world-renowned Ger- 
man authority on refrigeration, will 


visit the United States as a guest of 
ASHRAE, in conjunction with the 
Visiting Engineers Program sponsored 
by the National Science Foundation 
and administered by the Engineers 
Joint Council. Dr. Plank is scheduled 
to lecture at Purdue University, the 
University of Illinois and the Univer- 
sity of Minnesota. 


ASHRAE MEMBERSHIP JULY 1, 1960 THROUGH JULY 1, 1961 


* Revised figure 
** Not separated in 1961 figures 


July 1, 1961 


TRANSACTIONS EDITORIAL STAFF 


July 1, 1960° 

Associate Members .............. 6,951 Associate Members ...............° 7,061 ian 

17,430 17,605 

NET GAIN 175 eau 

July 1960—July 1961 fe 

Cancellations, Resignations and Deceased .................... 1,514 a 

NET GAIN 175 i 

Associate Editor Eugenia A. Bajeter 
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TRANSACTIONS 
of 
American Society of Heating 
Refrigerating and 
Air-Conditioning Engineers 


No. 1733 


ASHRAE Semiannual Meeting, 1961 


CHICAGO, ILL. 


The for the Semiannual Meeting, held February 13-16, at the Conrad Hilton 
Hotel, consisted of four Technical Sessions, a Frozen Food Handling Symposium, a 
Medium Temperature Water Heating Symposium, an Air Conditioning Symposium, 
an ASHRAE Research and Technical Plans Symposium, a Domestic Refrigerator 
Engineering Symposium and a Ventilation Symposium. Additionally, there were six 
Forums. Paralleling this Meeting was the 15th International Heating and Air Condi- 
tioning Exposition, sponsored ASHRAE, which was held at the International 
Amphitheater. 


A total of 16 formally prepared pa was presented at the four Technical 
In accordance with established practice, the full texts of these papers, 


together with discussions upon them, appear in this volume of TRANSACTIONS. 


Registration for this Meeting was 3300 members and guests, close to record- 
ae It was indicated that 21,627 persons attended the Exposition, which was 
under the direction of the International Exposition Company, New York, N. Y., with 
E. K. Stevens, manager. 

The General Assembly, convened by President Grant at 9:00 a.m. on Monday, 


February 13, marked the official ing of the Meeting. Following Mr. Grant's 
wan by L. K. Wasrick, Directer of Region VI. 
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Proposed amendments to the By-laws were announced by Executive Secretary R. 
on By-laws amendments (those announced at the Vancouver Meeting). 


The Welcome Luncheon was held at 12:30 p.m. on Monday with J. C. Scott, 
Vice President of the Illinois Chapter, as Master of Ceremonies. F g the National 
Anthem and invocation by Rev. Robert W. Tull, Mr. Warrick and General Chairman 
Harry Gragg extended greetings and welcome. Mr. Scott introduced the Head Table, 
Past Presidents, notable guests and Chapter officers. 


R. A. Line, Chairman of the Program Committee, was introduced and he called 
upon speakers at Technical Sessions and Symposiums and Forum Moderators to rise 
and be acknowledged. Leslie Rayner, President of the Institution of Heating and 


Ventilating Engineers, London, England addressed the Luncheon briefly. Reportin 
upon the status of the Society, President Grant noted the toe ik senile 
during the past seven months. Mr. Grant announced polls would close 


at 2:00 p.m. 

The uet took on Tuesday evening, beginning at 7:30. The invocation 
was delivered by Rev. Tull. Master of Ceremonies J. S. Kearney introduced the Head 
Table. President Grant his appreciation to the Illinois Cha’ and Region 
.VI for their hospitality. e requested that all Past Presidents and wives stand 
and be acknowledged. Also introduced were Mr. and Mrs. Rayner. : 


Junior Past President D. D. Wile installed the following officers: John E. Dube, 
Treasurer (succeeding himself); John H. Fox, Second Vice President; John Everetts, 
Jr., First Vice President; and Robert H. Tull, President. 

As his first official duty, President Tull presented a Past President’s Pin and 
framed certificate to Mr. Grant. He also presented him with a gift. Mr. Tull then 
outlined his program for the Society during his term. 

Burgess H. Jennings was the recipient of the Award of Merit of the Life Members 
Club of ASHRAE, presented by E. K. Campbell. Professor Andrew Hacker of Cornell 
eat outs ist and political economist, was featured speaker of the evening. 
A dance Banquet. 

Numerous committee meetings were scheduled and held during the course of 
the gathering. Rounding out the Semiannual Meeting were various events. 


The First Technical Session was convened at 9:30 a.m. on Monday with D. L. 
Lindsay as Chairman. Four papers were presented at this session. 


Held at the same time, the Second Technical Session had C. W. Pollock as 
Chairman. As scheduled, there were four papers presented here. 


Robertson was Chairman. There were five speakers at session. Two papers 
presented at this Symposium were published in the ASHRAE Journar (Guadagni, 


April; Sherby, June). In accordance with established practice, Symposium papers are 
not published in Transactions. Presently, no Bulletins are for any Sym- 
posiums from this Meeting. 

R. S. Buchanan was Chairman of the Forums. These were held, two each, on 
Monday, Tuesday and Wednesday afternoons. 

Professor W. E. Fontaine served as Chairman of the Third Technical Session, 
held at 9:30 a.m. on Tuesday. Before proceeding with the scheduled Mr. 
Cross announced the results of the election. The Report of the Inspectors of Election 
appears herewith: 
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REPORT OF INSPECTORS OF ELECTION 


Total Valid Votes: 4370 


Votes received 
Fi Against 
‘or 
1 4331 39 
2 4334 36 
3 4289 81 
4 4346 24 
5 4337 33 
6 4284 86 
7 4289 81 
8 4270 100 
4 4327 43 
1 4276 94 
1l 4336 34 
12 4346 24 
William J. Ol 
. Olvany 
Andrew Boggs, 
Inspectors 


Four were presented at this session. 

ncurrent with this Session was the Medium Temperature Water Heating 
Symposium, with Lincoln Bouillon as Chairman. Four papers were given at this 
session; all pa have been published in the JournnaL (Bird, April; Miller, May; 
Carlson, June; » July). 

The Air Conditioning Symposium was also held at the same time. W. R. Moll 
was Chairman and the topic was Humidity, Humidity Control, Air Motion and 
Movement. There were four papers at this meeting, two of which were published in 
the Journat (Nevins, July; Signorelli, July). 

E. P. Palmatier, Chairman, called the ASHRAE Research and Technical 
Program Plans Symposium to order on Wednesday morning at 9:30. There were five 
speakers who presented their viewpoints on the subject. 

The Domestic Refrigerator Engineering Conference was held concurrently. E. J. 
Von Arb was Chairman at this session where six speakers participated. A condensed 
version of this Symposium appears in the June issue of the JouRNAL. 

The Ventilation Symposium, held at 9:30 a.m. on Thursday, J. B. Graham, 
Chairman, considered the topic Performance Determination in Installed Systems. 
This Symposium comprised three papers; one paper (Bricker) has been published in 
the May issue of the JourNAL. 

R. G. Raney was Chairman of the Fourth Technical Session, held concurrently. 
Four ers presented papers. 

e Semiannual Meeting was adjourned by President Tull at 12:10 p.m. at 
the final Business Session. 


PROGRAM-—SEMIANNUAL MEETING 
Conrad Hilton Hotel, Chicago, III. 
February 13-16, 1961 
Saturday, February 11 


Advertising Committee breakfast-meeting. 
Finance Committee. 

Executive Committee luncheon-meeting. 
Standards Committee. 

Regions Central Committee dinner-meeting. 


8 
9 
12 
2: 
4: 


7:30 a.m. 


9:30 a.m. 


10:10 a.m. 
10:50 a.m. 
11:30 a.m. 


9:30 a.m. 


10:10 a.m. 
10:50 a.m. 
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Sunday, February 12 


Program Committee. 

Exposition Committee. 

Research and Technical Committee. 
Advance Registration. 

Board of Directors luncheon-dinner meeting. 
Nominating Committee. 

Public Relations Committee. 

“Hearty” Welcome, Informal Reception. 


Monday, February 13 


Speakers’ Breakfasts: 

First Technical Session. 

Second Technical Session. 

Frozen Food Symposium. 

Forum Moderators. 

REGISTRATION. 

GENERAL ASSEMBLY. 

Opening of the Semiannual Meeting of the Society. 

Remarks by President Walter A. Grant. 

Address of Welcome by L. K. Warrick, Director, Region VI. 

Announcement of Proposed By-laws Amendments by Executive Sec- 
retary R. C. Cross. 

New Business. 

Polls Open for Election of Officers and Vote on By-laws Amendments. 

First TECHNICAL SESSION. 

— D. L. Lindsay, Consulting Engr., Wiggs, Walford, Frost & 
Lin 

Cuphten Inhibition on Steel Tubes in Low-Pressure Steam Boilers— 
W. A. Keilbaugh, Head, and F. J. Pocock, Senior Chemist, Chemical 
Section, Babcock & Wilcox Co., Research Center. 

Design of Wet Cell Air Humidifiers—Dr. M. W. First, Consulting 
Engr. 

Metastable State of Water in Relation to Heat Exchangers—B. H. 
Jennings, Prof. of Mech. Engrg., Northwestern University. 

Flow and Heat Exchange Characteristics of Finned Tube Exchangers 
—Benjamin Gebhart, Assoc. Prof. of Mech. Engrg., Cornell Uni- 
versity. 

SECOND TECHNICAL SESSION. 

INSULATION. 

Chairman, C. W. Pollock, Mgr. Air Cond. & wo = Div., Crane Co. 

Field Laboratory for Heating Studies—D. B. Anderson, Tech. Asst. to 
V. P.—Sales, é. A. Erickson, Dir. of Tech. Sales Service, and R. R. 
Leonard, Res. Engr., Wood Conversion Co. and Dr. R. C. Jordan, 
Head, Mech. Engrg. Dept., Univ. of Minnesota. 

Thermal Conductivity of Porous Materials——Dean Melvin Mark, 
Lowell Tech. Inst. and M. E. Stephenson, Jr., Consulting Engr. 

Heat Transfer through Mineral Wool Insulation in Combination with 
Reflective Surfaces—C. E. Lund, Professor and R. M. Lander, 

Res. Assoc., Dept. of Mech. Engrg., Univ. of Minnesota. 
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Thermal Effects of Floor Construction—R. D. Cramer, Asst. Prof. of 
Housing, Dept. of Home Economics and L. W. Neubauer, Assoc. 
Prof., Dept. of Agric. Engrg., Univ. of California. 

9:30 a.m. Frozen Foop Hanp.inc SyMposiuM. 


Effects of Time and Tem 
Guadagni, Western Regional Research Lab. (DA). 

Handling Frozen Foods at the State Level—Lowell Oranger, nt 
Div. of Foods, Dairies and Standards, Illinois Dept. of Agricultur 
Position—Edward Sherby, Pu “Food 


What the Consumer Wants—Dolores Palmer, Home Economist and 
Special Representative, Frozen Potato Products Institute. 
12:00 noon Openinc CeEREMONIES—15TH INTERNATIONAL HEATING AND 
DITIONING EXPOSITION. 
Including Heating, Refrigeration, Air-Conditioning & Ventilation, 
International Amphitheatre. ° 
12:30 p.m. Wetcome LuNcHEON. 
Honored Guest: Leslie Rayner, President, The Institution of Heating 
and Ventilating Engineers, "sakdin, Eng. 
Master of Ceremonies: J. C. Scott, Illinois Chapter Vice-President. 
Presentations and Announcements 
2:00 p.m. Polls Close for Election of Officers and Vote on By-laws Amendments. 
2:30 p.m. Forums 
Chairman, R. S. Buchanan, Asst. Dir. of Appliance Engrg. and Res., 
American Motors Corp. 
1. Transport Refrigeration. 
Moderator: P. R Achenbach, Chief, Mech. Systems Section, Na- 
tional Bureau of Standards. 


Meetings Committee. 
Membership Development Committee. 

Publications Committee. 

RAC 2 on Mass Transfer. 

Standards Committee. 

RP on Physiological Research and Human Comfort. 
TC—1.9, Refrigerants and Lubricants. 

RAC 4 on Environment. 


* Exposition, International Amphitheatre, 12:00 noon to 10:00 p.m. 
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Chairman, E. J. Robertson, Res. & Tech. Div., Wilson & Co., Inc. 
Early Scientific Background—Clifford Evers, Mgr., Commercial 
Development, International Minerals & Chemical Co. 
Moderator: Everetts, ASHRAE 2nd Vice-President, 
C. S. Leopold, Inc. 
2:30 p.m. Honors and Awards Committee. 
3:30 p.m. 
4:00 p.m. RP on Odors. 
8:30 p.m. Valentine Get-Together Party. 
Tuesday, February 14 
7:30 a.m. ’ Breakfasts: 
Session. 


TC-2.4, Coils and Condensers, breakfast-meeting. 

REGISTRATION. 

TECHNICAL SESSION. 

Announcement of Election Results. 

REFRIGERATION. 
Chairman, W. E. Fontaine, Professor, School of Mech. Engrg., Dir. 
for Engrg. Research, Ray W. Herrick Labs., Purdue Univ. 
Evaluation of Wet Bulb Data for Cooling Equipment Design—L. W. 
Crow, Consulting Meteorologist. 

10:10 a.m. Reaction of Dichlorodifluoromethane with Petroleum Oils—Dr. H. O. 
Spauschus, Res. Assoc., and G. C. Doderer, Chemist, Major Appli- 

10:50 a.m. Sizin Refrigeration S timum Economy— 

D. Assoc. Prof. of Mech. State Uni- 


Graphical ysis of a Cross Flow Cooling Tower—Prof. Hideo 
ida, Mech. Engrg., Univ. of Tokyo. 
9:39 a.m. MeEepruM TEMPERATURE WATER HEATING SYMPOSIUM. 


ea Size Reduction with MTW Systems—Homer Bird, 
of Increased alve 
Heat T: er—Effect Temperature Drop on 
Control—S. W. Miller, Chief Engr., J. J. Nesbitt, Inc. 
Effect of System Temperature on Pump Curve and Pressure-Drop 
Curve—G. F. Carlson, Chief Engr., Specialty Div., Bell & Gossett, Co. 
Pressurization of MTW Systems—Raymond Harmon, re Engr., 
Harmon & Beckett. 
9:30 a.m. Am ConpITIONING SyMPOsIUM. 
Am MovEeMENT, Humanity, AND Humiprity ConTROL. 
Chairman, W. R. Moll, Sales Mgr., Air-Cond. & Dehumidifier Sales- 
to-Sears, Whirlpool Corp. 
Comfort and Physiological Adjustment of People to Environment— 
Prof. M. K. Fahnestock, Dept. of Mech. Engrg., Univ. of Illinois. 
Air Motion and Movement—Dr. R. G. Nevins, Dept. of Mech. 
Engrg., Kansas State Univ. 
Humidity and ‘its Control in Residential Air-Conditioning : oa 
Ric Signorelli, Asst. to V.P. of Manufacture, Mueller Climatrol. 
Control of Humidity on Window-type Air Conditioners—F. T. Appel, 
Projects Mgr., Air-Cond. Div., Whirlpool Corp. 
2:30 p.m. ASHRAE Life Members Club Luncheon. 
1:00 p.m. Panel on Food Refrigeration and Technology. 
2:00 p.m. Forums. 
Chairman R. S. Buchanan. 
3. Better Environments for Learning. 
ga ]. D. Kroeker, Consulting Engr., J. D. Kroeker & 


4. — “ Air Conditioner Components. 
Moderator: C. O. Hutchinson, Mgr., Market Dev., Industrial 
Paint Div., The Glidden Co. 
2:00 p.m. Education Committee. 
Research Fund Raising Committee. 


11:30 a.m. 
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Fuel Consumption. 
Research Exhibit. 
TC-2.8, Air Cleaning Equipment. 
TC-4.6, Heat Pumps. 

TC-1.5, Meteorology and Weather Data. 


2:45 p.m. RP on Hydronics. 

6:30 p.m. Cocktail Party. 

7:30 p.m. BanQuer. 
Installation of Officers. 
Awards and Presentations. 


Entertainment and Dancing. 


Wednesday, February 15 


Speakers’ Breakfasts: 
ASHRAE Res. & Tech. Symposium. 
Domestic Refrig. Engrg. Symposium. 
Forum Moderators. 
8:30 a.m. REGISTRATION. 
9:30 am. ASHRAE Researcu TECHNICAL PROGRAM PLANS SYMPOSIUM. 
Chairman, E. P. Palmatier Mgr., Trans. Equip. Dept., Carrier Corp. 
ASHRAE Research Laboratory Program. 
Environment—B. H. Jennings, Dir. 
Odors—W. F. Kerka, Res. Engr. 
Sound—W. F. Kerka. 
Solar Radiation on Fenestration— L. F. Schutrum, Res. Supervisor. 
Entrance Infiltration—L. F. Schutrum. 
Human and Animal Calorimeter—R. G. Huebscher, Res. Super- 


visor. 
G. Huebscher. 
Flow of Steam in Pipes—C. M. —- Asst. Director. 
10:30 a.m. How a New Product Comes into Being—W. F. Wischmeyer, Sporlan 
Valve Co. 
tive Research 
Review—E. P. Palmatier. 
Benefits—Dr. R. G. Nevins, Dept. of Mech. Engrg., Kansas State 


Univ. 
11:00 a.m. Benefits of ASHRAE Research to Industry and the Engrg. Profession. 
G. R. Munger, Owens-Corning Fiberglas. 
R. M. Stern, ing Engr., Stern & Towne. 
F. H. Faust, General Electric Co. 
11:25 a.m. Filling Out the ASHRAE Laboratory Picture—E. P. Palmatier. 
Physical Plant; Personnel; Finances; Administration, including func- 
tion of R & T Committee. 
11:30 a.m. Question and Answer Period. 
9:30 a.m. Domestic Rerricerator Encrc. SyMPosiuM. 
Procress oF Torn WALL IN CaBinet ConstTRUCTION, INSULATION. 
Chairman, E. J. Von Arb, V.P. in Chg. of Engrg., Revco, Inc. 
Practical Application of Foamed Insulation in Industry—C. W. 
Newhall, Martin Sweets Co.; F. Hermanns, Admiral Equipment Co.; 
and W. J. Neary, Jennings Machine Co. 
Bagged Insulation—Robert Bilek, Hotpoint Co. 
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10:00 a.m. 


1:00 p.m. 


7:30 a.m. 


8:30 a.m. 


9:00 a.m. 
9:30 a.m. 


9:30 a.m. 


10:10 a.m. 


10:50 a.m. 


11:30 a.m. 


12:30 p.m. 


2:00 p.m. 


6:30 p.m. 
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Theoretical Aspects of Foam Insulation—P. A. Sanguinetti, Mobay 
Chem. Co. (rep. S.P.I.). 
Thin Wall Construction in Refrigerators—Severn Joyce, Marion 
Hollingsworth and E. B. Frankenhoff, Owens-Corning Fiberglas Co. 
TC-6.2, Acoustics and Vibration Control. 
TC-6.4, Industrial Environment. 
Publications. 
TC-1.6, Combustion and Fuels. 
Tour of Dresden Nuclear Power Station, Morris. 
Forums 
oo R. S. Buchanan. 
5. Aluminum Brazing and Welding Techniques. 
Moderator: A. J. Haygood, Alcoa. 
6. Status of Thermoelectric Refrigeration. 
Moderator: G. D. Hudelson, Dev. Dept., Carrier Research & 
Dev. Co. 
Past-Presidents’ dinner. 
D. D. Wile, Chairman. 


Thursday, February 16 


Speakers’ Breakfasts: 
Fourth Technical Session. 
Ventilation Symposium. 
General Administrative and Coordinating Committee. 
REGISTRATION. 
36-P, Equipment Sound Testing. 
VENTILATION SYMPOSIUM. 
PERFORMANCE DETERMINATION IN INSTALLED SYSTEMS. 
Chairman, J. B. Graham, Dir. of Research, Buffalo Forge Co. 
Field Check of Ventilation and Air Conditioning Eetatiendaene 
Bricker, C. S. Leopold, Inc. 
Industrial Ventilation Systems—K. E. Robinson, Personal Hygiene 
Dept., General Motors Corp. 
Ventilation Systems with S Requirements—R. J. Walker, Plant 
and Process Engrg. Group Leader, Dow Chemical Co. 
FourTH TECHNICAL SESSION. 

Chairman, R. G. Raney, Marketing Mgr., Ranco, Inc. 

Combustion-Driven Pulsations in Oil-Fired Residential Heating Equip- 
ment—A. A. Putnam, Staff Mech. Engr. and C. F. Speich, Principal 
Mech. Engr., Battelle Memorial Inst. 

Noise Suppression in Oil Burners—R. W. Sage, Section Head, and 
H. F. ler, Res. Engr., Prods. Dev. Div., Esso Research & 
Engrg. Co. 

Suppression of Pulsations in Oil-Fired Residential Heating Equipment 
—C. F. Speich, Principal Mech. Engr., and A. A. Putnam, Staff 
Mech. Engr., Battelle Memorial Inst. 

Influence of the House on Chi Draft—A. G. Wilson, Head, 
Bldg. Services Section, Div. of Bldg. Research, National Research 
Council of Canada. 

ADJOURNMENT OF SEMIANNUAL MEETING OF THE SOCIETY. 
Board of Directors luncheon-meeting. 
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OFFICERS 
W. V. Richards, President 
Scott, Vice President 
H. Streb, Secretary 
E. R. Teske, Treasurer 
E. N. Johnson, Board of Governors we 
Herbert Kreisman, Board of Governors = 

. P. Heckel, Jr., Board of Governors = 
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MEETING ARRANGEMENTS COMMITTEE 

E. P. Heckel, Jr., Vice Chairman 
H. E. Anderson, Entertainment = 

Herbert Kreisman, Ticket Reservations Se, 
W. V. Richards, Hospitality 

R. W. Roose, Publicity 
. H. Snyder, Sessions 
H. E. Stevens, Facilities - | 
E. R. Teske, Finance 


No. 1734 


Corrosion Inhibition on Steel Tubes 
in Low-Pressure Steam Boilers 


W. A. KEILBAUGH 


A research program, spanning five 
years, and Sindee the direction of 
the Engineering Committee of the 
Steel Boiler Institute, was under- 
taken to investigate causes and 

vention of tube corrosion in 
eo steel (15 psig max 
steam) boilers. 

Some of the results from this 
study were reported in an earlier 
paper.’ That report described the 
testing technique and apparatus in 
detail and reviewed the work per- 
formed from test inception until 
April 1957. 

Discussions with the Engi- 
neering Committee of the SBI 
before the investigation indicated 
that the principal cause of corro- 
sion was dissolved oxygen in the 
feedwater and boiler water. Since 
deaeration of the feedwater is 
neither practical nor economical 


W. A. Keilbaugh is Head, and F. J. Pocock is 
Senior Chemist, Chemical Section, Babcock and 
Wilcox Co., Research Center. = paper was 


ote for presentation at ASHRAE 
Meeting, Chicago, Ill., February 
1. 
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F. J. POCOCK 


for the majority of small boilers, 
nor is the use of chemical oxygen 
scavengers feasible, due to control 
difficulties, the general approach 
to the corrosion problem was a 
practical one involving the use of 
anodic chemical inhibitors. 

These earlier tests indicated 
that two chemical inhibitors merited 
closer examination. They were the 
Steel Boiler Institute chromate 
compound and one other proprie- 
tary compound which was a so- 
dium borate-nitrate-nitrite mixture. 
Additional inhibitors were also in- 
vestigated. 

nsideration was ing to 
the use of high strength low-alloy 
and copper-bearing steels during 
both parts of the program. Other 
investigations* indicated that 
small amounts of copper, as a steel 
alloying constituent, would have 
beneficial effects. Researchers com- 
pared the corrosion behavior of 
these low-alloy steels and plain 
carbon steel tubes made to 
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ASTM-A 178 Grade A specifica- 
tions. 
Test work was carried out in 
small boilers operating at essen- 
tially atmospheric pressures, in 
order to duplicate as far as pos- 
sible, under closely controlled con- 
ditions, the field operation of low- 
essure steel boilers. Experience 
shown that the use of coupon 
material in laboratory bench-scale 
tests or in autoclaves does not pro- 
duce conditions comparable to 
field operation, since effect of 
temperature resulting from heat 
transfer through the metal cannot 
be evaluated. 

Along with the boiler testing 
program, the factors influencing 
corrosion during boiler storage pe- 
riods were also considered. It is 
known that many of the corrosion 


problems of boilers have their in- 
ception during storage. 

As a result of these tests, a 
number of recommendations were 
made regarding the water side care 
of low-pressure steel boilers. If 
the recommendations are 
adhered to, there should be a gen- 
eral increase in operational relia- 
bility of these boilers. 


ACCELERATED CORROSION 
TESTS 

Test boiler design—The test equip- 
ment for this investigation con- 
sisted of four Proeret steel boil- 
ers, each of which had its own 
feedwater and condensate system. 

Each test boiler contained, 
except as noted later, four three-in. 
OD by 48-in. electric resistance 
welded boiler tubes made to 


Fig. 1 General view of test installation 


~ i 
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ASTM-A-178 Grade A ca- 

tions. These tubes were rolled into 

%-in. carbon steel tube sheets, 

and each boiler was fired with a 

conventional 120,000 Btu per hr 
burner. 

The boilers operated at essen- 
tially atmospheric boiling condi- 
tions. The steam is condensed and 
the condensate is passed counter- 
currently to air flow through a baf- 
fled aerating tower. The air-satu- 
rated feedwater is then fed auto- 
matically to the boiler as required 
by the boiler water level controls. 
Total steam flow for each unit is 
approximately 50 Ib/hr. Steam 
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losses are made up automatically 
from aluminum storage tanks con- 
taining distilled water. Using dis- 
tilled water as a starting point, 
water chemical characteristics could 
be varied as desired. 

Automatic timing controls were 
provided so that the boilers oper- 
ated in pairs for 30-min firing in- 
tervals with an equivalent off pe- 
riod. This simulated as closely as 
possible the periodic operation of 
the usual heating boiler. 

The boilers were operated 24 
hours a day in this manner for the 
duration of each test. 

Fig. 2 shows a schematic draw- 


Fig. 2 Schematic diagram of the test unit 
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ing of a typical test boiler. Fig. 1 
shows a general view of the test 
installation. 


Boiler tubes— All those used in 
these were electric 
resistance welded. Except for three 
tests, the tubes were made to 
ASTM-A-178 Grade A specifica- 
tions. Three material comparison 
tests were made, two using high 
strength, low-alloy tubes and one 
using copper-bearing steel tubes. 
One of — latter tests was 
rted in revious a 

are with a thin 
film of soluble oil as corrosion 
tection in transit. They are rolled 
into the tube sheets of the test 
boilers in this condition, with only 
light wiping with a cloth and min- 
eral spirits to remove foreign ma- 
terial which is picked up in ship- 
ment. In these tests they were not 
acid cleaned (i.e. pickled). 


Chemical composition of the boiler 
tubes — Representative tubes from 
each steel heat used in this investi- 
gation were analyzed chemically. 
These steel analyses are contained 
in Table I. 


Base boiler waters — The labora- 
tory distilled water, with a nomi- 
nal 100 chloride such as so- 
dium chloride added, was used be- 
cause of the wide variations that 
occur in natural water supplies. 
The feedwater was air saturated 
(at 100 F) distilled water. 

Table II contains a summary 
(tests 1-16) of the conditions of 
these tests as well as those de- 
scribed here (17-32). 
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Further tests of the selected 
chemical inhibitors, in the presence 
of hardness (Ca(HCO,)., MgSO,, 
CaSO,) in the boiler water, were 
necessary, since it was felt that 
these hardness constituents might 
have some deleterious effect on in- 
hibitor efficiency. Constituents are 
in most water supplies. 

To date, 6 inhibitors have been 
used in the various test periods. 

are as follows: 

(1) A buffered chromate com- 

d. Marketed under the aus- 
pices of the SBI. 

(2) Borate-nitrate-nitrite com- 
pound. A chemical 
compound distributed by a water 
treatment com for the express 
purpose of oottdlen inhibition in 
cooling systems of diesel engines. 

(3) Sodium molybdate. Tested 
on the basis of reported work of 
others,’ reagent sodium 
molybdate meeting ACS (Ameri- 
= Chemical Society) specifica- 


(4) Sodium hydroxide. Used in 
two tests in a concentration suffi- 
cient to a pH of 11.0. Re- 


agent grade meeting ACS specifi- 
cations 


(5) Soluble oil. A commercial 
“soluble oil” inhibitor. 

(6) Sodium borate-sodium ni- 
trite. A mixture prepared at the 
laboratory, the nominal concentra- 
tion of the constituents was 90% 
sodium nitrite and 10% sodium 
borate. 

(7) Sodium nitrite. Reagent 


grade made to ACS specifications. 


T technique — Each of the 
tons 


Ses 

ate 
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TABLE ll 
SUMMARY OF TEST CONDITIONS 
Time Tubes 
Test Immersed in 
Solution Boiler Water, 
Boiler Test Hr Down. T Tube 
Water No. Operating* Time Tu Condition Inhibitors* 
b 1 3307 1656 E.R.W. ASTM- New None 
A-178 Grade A 
Boiler Tubes 
’ 2 3307 1656 No inhibition initially 
by inhibitor 
b 3 3307 1656 New Inhibitor B. 
» 4 3338 1625 New inhibitor A. 
5 3148 788 Same as Continued in test with 
Test #1 addition inhibitor A. 
c 6 3148 788 New No inhibition initially 
followed by inhibitor 
B. 
c 7 3148 788 New Inhibitor B. 
c 8 3148 788 New Inhibitor A. 
c 9 2615 865 New inhibitor C. 
ra 10 2615 865 New Inhibitor D. 
2615 865 Sameas Inhibitor B. 
Test #7 
c i2 2615 865 New None-Tubes _ painted 
and paint spattered. 
c 13 2548 1388 ER.W igh New None. 
ow 
alloy Steel No. | 
14 2548 1388 E.R.W. ASTM- New No inhibition, copper 
A-178 Grade A tankless heating coil 
installed. 
c 15 2548 1388 Sameas_ Inhibitor B. 
Test #7 
¢c 16 2548 1388 New No inhibition, physico- 
chemical water condi- 
tioner. 
17 2354 674 ER.W. New None. 
low 
alloy Steel No. 2 
mechanical changes in the boilers boiler was rinsed with distilled 
(see tests 24 and 28, Table VII). water, drained and refilled with 


New tubes required by the indi- 
vidual test (Table II) were in- 
stalled, and the boilers were given 
a short boil-out with 0.3 per cent 
sodium hydroxide solution to re- 
move residual oil. Following the 
boil-out, they were drained and 
rinsed with zeolite treated water. 


the base boiler water. The inhibi- 
tors, hardness constituents, etc., 
were added to the boiler water 
where required. 

_ Then the boilers were started 
up. An operating log was main- 
tained for routine maintenance and 
records of gas pressure, coolin 
water pressure, boiler water level, 


| After the treated water rinse each a 
, 
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T 


Tu Inhibitors® 


Tube 
Condition 


E.R.W. ASTM- 
A-178 Grade A 
Boiler Tubes 


Copper bearing 
steel 
E.R.W. ASTM- 


A-178 Grade A 
Boiler Tubes 


f 


Operating time refers to actual cyclic firing of 
boilers as descri Isewhere. Do 


— distilled water and contained 100 ppm 


ide. 
* Boiler water 2 + 100 calcium temporary 
plus hardness additions dur- 


oy water 2 + 100 ppm temporary hardness 


and water 
Samples of boiler water were 


taken twice weekly for analysis. 
Usual analyses consisted of pH, 
chloride, conductivity and inhibi- 
tor concentrations (when used). 
Periodically, the feedwater was 
analyzed for dissolved oxygen and 
evidences of carryover boiler 
water salts to the condensate. 
Each set of waterside condi- 


Inhibitor A. 


Inhibitor B. 
Inhibitor B. 


None. 
Inhibitor A. 


Inhibitors B. 
Inhibitor E. 
inhibitor D. 
Inhibitor A. 
inhibitor F. 
None-Baffle Plate in- 
from Flue 


Inhibitor B. 
Inhibitor F. 


None-Copper flash 
lated tubes. 
nhibitor G. 


+1 m permanent hard 

"additions during test. 

t Boiler water 2 + 600 ppm permanent hard- 

ness + 1000 ppm temporary hardness initially 
plus hardness chemical radditions during test. 

® Inhibitor code: 


TF 


plus 


“Soluble oil”. 
) Borate-nitrate-nitrite. 
(D) Sodium hydroxide. 
(F). Sodium borate-sodium nitrite. 
(G) Sodium nitrite without buffering. 


tions was tested for approximately 
six months. The test conditions 
and numbers are shown in Tables 
III through VII. 


Water samples — Boiler water sam- 
ples and feedwater samples were 


— by the following meth- 
by Chie 


Time Tubes 
Test Immersed in 4 
Solution Bowler Water, 
Boiler Test Hr Down- 

Water No. Operating* Time a 
2849 1351 

c “4 2845 135! 
25 2338 638 

c 27 2338 638 
c 28 2338 638 

f 29 2850 798 a New ue 
f 30 3980 2036 New 
31 2850 798 New 

| 32 2850 798 ws New = 

4 

is due to inspection and routine maintenance. a 

* Boiler water No. 1 was made up from air a" 
saturated distilled water. 

(C) Sodium molybdate. a) 
- 
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ride were made the 
Mohr titration method (ASTM 
D-512-49).* Conductivity measure- 
ments were made with a L&N 4866 
conductivity bridge and a “dip 
type” conductivity cel 
iodide-thiosulfate in 
solution. Nitrate was determined 

the ASTM D-992-52 method.‘ 
Nitrite was titrated by using a po- 
tassium permanganate-potassium 
iodide-sodium thiosulfate tech- 
nique. Dissolved i in the 
feedwater was measured by a 
modified Winkler test pattern after 
ASTM method D-888-49t.‘ The 
concentration of “soluble oil” in 
the boiler water was determined 
volumetrically with a Babcock 
Test Bottle using sulfuric acid to 
break the water-“soluble oil” emul- 
sion 


Hardness were made 
by means of the versenate titration. 

per in the boiler water was 
analyzed colorimetrically with Neo- 
Cuproine indicator. Borate was 
determined by the invert sugar- 
sodium hydroxide titration tech- 


nique. 


Corrosion measurement—A micro- 
scope calibrated for the purpose 
was used to measure corrosion pit 
depths and the number of pits per 
unit of metal surface were counted 


where possible. 

Microscopic examination of 
the tubing in in the boilers, 
difficult because of the curved sur- 
face of the tubes, was accom- 
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formed on the clay, microscopically. 
evidence was also 


employed for comparison between 
tubes. 


DISCUSSION 


A summary of the results of the 
first 16 tests follows: 
1—The buffered chromate 
type inhibitor is effective in halt- 
ing and preventing corrosion caused 
oxygen under test 
operating conditions. The mini- 
mum effective inhibitor concentra- 
tion appears to be 2000 ppm. 
2— The borate-nitrate-nitrite 
by 


conditions. minimum concen- 
tration appears to be 3000 ppm. 
At this concentration, carryover is 
not observed in the test equip- 
ment. 

3 — Sodium molybdate and so- 
dium 
in halting dissolved oxygen a 
in 

4—The immersion of a 

tankless heating coil in 

water, out of contact with 
the tubes, does not accelerate or 


5 — The p! ical feed- 
water conditioner used in this test 
program was ineffective in 
venting or reducing 
tack under these test conditions. 

6—A test with high ep 
less severe attack on it than found 
on carbon steel tubing under the 
same test conditions. Pits were 


A 
= 

localize corrosive attack under 
these test conditions. 

of the deepest visible pits and then q 
measuring the height of the nodule S. 
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Fig. 3a Test 17 — 2354 hrs 
oxygenated-distilled water. 
High strength low alloy steel 
No. 2. Generalized pitting 
corrosion (see Table 11) 


Fig. 3c Test 19 — 2354 hrs 
oxygenated-chloride-hardness 
containing boiler water (Ta- 
ble V). Borate-nitrate-nitrite 
inhibitor. No corrosion 


Fig. 3 Photographs of 


shallower and the incidence of pit- 
ting was lower. 

A continuation of the investi- 
gation into high strength low-alloy 
steel tubes was made. Test 17, Fig. 
3, shows the condition of alloy No. 
2 tubes after 2354 hr tion and 
654 hr down-time in chloride- 
oxygenated distilled water. As 
shown in Table III, the rate of 
attack was somewhat less than that 
of plain carbon steel, but consider- 
ing the depth of pitting, the differ- 
ence was not si . The test- 
time with this <I was also 
shorter than that of the carbon 
steel. 

Tests 18, 22, and 26 (Table IV) 


Fig. 3b Test 26 — 2238 hrs 
oxygenated-chloride-hardness 
containing boiler water (Ta- 
ble IV) chromate inhibitor. 
Only slight pitting. General 
tubing condition after test 
was good 


Fig. 3d Test 21 — 2849 hrs 
copper bearing steel tubing 
in chloride- oxygenated 
tilled water. Generalized 
ting corrosion (Table III) 


Test 24 — 2845 hrs 
-oxygenated- -distilled 
water containing a “soluble 
oil” inhibitor. Localized cor- 
rosion (Table VI) 


were designed to test further the 
y mate of the SBI buffered 
omate inhibitor in the presence 

of hardness constituents in the 
boiler water. Test 26, Fig. 3, shows 
a representative tube. inhibi- 
tor is effective at the nominal con- 
centration of 2200 with mod- 
erate hardness in boiler water. 
Tests 19, 20, 23, and 29 (Table 

V) were designed to test the effec- 


: 

‘tubes after test 


inhibitor at a nominal concentra- 
tion of 3000 ppm. This inhibitor 
prevented the corrosion of new 


boiler 


ble oil-water emulsion at a nominal 
2 per cent concentration, caused 
an imm-sdiate e: difficulty. 
In order to keep the boiler in oper- 
ation and to maintain proper water 
level, it was necessary to install a 
small feed , con 
"indicator. Oil in. the 
uge and a continuing re- 
for “soluble oil” Sadi. 
tion indicated the emulsion broke 
down. Fig. 3 shows the “soluble 
oil” inhibitor was not successful in 
oe pitting attack of the 
ler tubes. 

Test 25 (Tables II and VI) in- 
volved further work on sodium 
hydroxide in the boiler water with 
new tubing. The previous tests 
with sodium hydroxide, on tubing, 
already corroded under uninhib- 
ited conditions were conducted to 
see if sodium hydroxide would stop 
corrosion. At a pH of 11.0, it was 

ineffective, even with new 

(Fig. 4). Sodium hydroxide 
can only reduce the rate of corro- 
sion. 

Tests 27 and 30 (Tables II and 
VI) involved the use of a sodium 
nitrite-sodium borate mixture. The 


84 ASHRAE Transactions 
da Test 25 — 2338 rs 4b Test 27 — 2338 hrs 
oxygenated -chloride - distilled 
water with the addition of water with borate-nitrite 
sodium hydroxide to a pH inhibitor (Table VI) No cor- 
of 11.0. Widespread corro- rosion 
sion (Table VI) 
Fig. 4 Photographs after test 
tiveness of the borate-nitrate-nitrite 
in the presence of hardness 
i water. Test 19, Fig. 
the tubing after tests 
se conditions. 
21 (Tables II and III) 
test conditions for copper 
steel, which were com- 
to those used for the other 
| steels. The results show that 
does differ 
a: of plain carbon steel. 
Corrosion prevention - 
| ties of “soluble oil” type inhibitors 
materials, strongly polar in nature, 
tend to prevent access of oxygen 
. to the surface of metal. Therefore, 
| when present in sufficient quantity 
| in water, they are effective in pre- 
: | venting ferrous metal corrosion 
under various service conditions. 
F Test 24 (Tables II and VI) was 
| to detect “soluble oil” in the boil- 
| ers. A heavy foaming condition in 
the boiler water, the result of solu- 


. 4c Test 28 — 2338 hrs 
ponated- distilled 
water with bafile plate stag- 
installed in 


nitrite was 2250 ppm; the nominal 
sodium borate concentration 250 
ppm. Test 27, Fig. 4, shows the 
result. The inhibitor mixture was 
effective in corrosion in 
chloride-oxygenated test water, 
both with and without adding a 
moderate concentration of hard- 
ness constituents to the water. 
During the course of these in- 


this serious localized corrosion, 
which had been observed in the 
field, might be localized stagnant 
areas in boiler. 

A mechanical change in one 
test boiler (Test 28) included a 
baffle plate 4%-in. from the flue 
sheet. A 1/16-in. clearance was 
provided between the baffle and 
tthe tubes and several %-in. drain 


level The boiler wa- 
was chloride-oxygenated dis- 


ter was 


ig. 4d Test 31 — 2850 hrs 
ide- oxygenated -distilled 
tubes. Wide- 


ping 


tilled water. No localization of 
corrosion occurred. 

This corrosion, shown in Test 
28 (Fig. 4), was the wide-spread 

g . Test conditions are 
tabulated in Tables II and VII. If 
structural iarities in the boiler 
contribute to localized tube corro- 
sion, the mechanical changes made 
here did not provide adequate 
simulation of these effects. 


tubing from 

= metallic r in the water- 
deposits. ‘This copper origi- 

corrosion of condensate 


rete and is carried into 

with the feedwater. 
Test 31 on r flash-plated 

(acidic copper sulfate) tubes was 

to observe what effect they 

have on corrosion. Thee, 
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the boiler. Widespread rather ‘ 
than localized corrosion oc- ‘ 
curred (Table VII) 
Fig. d4e Test 32 — 2850 hrs 
nominal concentration of sodium tie 
vp 
vestigations, considerable interest th 
was directed toward the deep “iso- * 
lated pit” type corrosion. In all 
tests, a generalized wide-spread 4 
pitting type corrosion occurred. A 4 
consensus grew that one cause of s 

lll 
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Test 32 involved the use of 
only sodium nitrite as an inhibitor 
in chloride-oxygenated-distilled 
water. No corrosion occurred dur- 
ing this test (Fig. 4, Tables II and 
VI). Note, however, that the aver- 
age pH was 9.9 and the lowest pH 
recorded was 8.7. If the pH had 
fallen below 7, the inhibitor would 
not have been effective. Sodium 
borate is normally added to this in- 
hibitor to insure maintenance of 
an alkaline pH. Therefore, inclu- 
sion of sodium borate in the so- 
dium nitrite inhibitor formulations 
is recommended. 


WET STORAGE TESTS 


During the accelerated tube cor- 
rosion test program, there was con- 


siderable discussion of summer 
storage periods of boilers. It was 
felt that many of the tube corro- 
sion difficulties begin at that time. 
Tests were designed to study tube 
corrosion during boiler storage pe- 
riods. 


Test Equipment—Small steel boxes 
were constructed from %-in. car- 
bon steel plate (Fig. 5). One box 
was designed so that deaeration 
could be carried out, and the water- 
sides were blanketed and sealed 
under nitrogen (Fig. 5). A sealed 
glass plate was provided for test 


observation. 
Two sides of the carbon. steel 


boxes served as tube sheets so that 
tubes could be “rolled in” simu- 
lating the mechanics of boiler con- 
struction. 


Boiler tubes — Electric resistance 
welded tubes made to ASTM-A- 


were installed in one test boiler a 
and operated for 2850 hrs during < 

which 798 hrs of down-time oc- ay 

curred (Tables II and VII). Results a 
sliowed no significant increase in =; 
corrosion as a result of copper de- . 
sition. 

178 Grade’ A speciation’: ware 
used in these tests. Typical tube aI 

metal analyses for these tests are asi 

shown in Table VIII. of 

Fig. 5-A Storage container Fig. 5-B Storage container Si 
for atmospheric tests for the test under deaerated a 


ATE-SODIUM NITRITE AND SODIUM NITRITE 
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26 
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Testing technique—The inside sur- 
faces of the test boxes were care- 
fully cleaned and sections of new 
tubing were rolled into the simu- 
lated tube sheets. All surfaces in 
contact with water were then 
cleaned with trichloroethylene, 
rinsed with distilled water and 
dried with methyl alcohol. 

Test boxes were filled with 
distilled water; sodium chloride 
and sodium sulfate were added as 
an electrolyte, depending on pro- 
posed test conditions, as was the 

chemical inhibitor. 
were stored at room tem- 
for periods of one to three 
months. A visual i ion was 
made each day to observe the 
or absence of corrosion. 
The water in the test boxes was 


analyzed at the beginning and at 


the end of each test, by methods 
described in section one. The ex- 
tent of corrosion was recorded 


phctographically. 


tu immersed in chloride-con- 
taining water under atm 

and rated (air boiled out- 
layed up under nitrogen seal) con- 
ditions. Table [IX shows the initial 
and post test of the water 
from each test. effect of oxy- 
gen dissolved from the 

above the test water is readily ap- 


parent in the pi 


open to air. No preferential cor- 
rosion locations were noted on the 
tubing. The corrosion rate lessened 


Post test condition of tube stored in distilled water 


Fig. 6b Post test condition of tube stored in deaerated distilled water 
reece chloride for 2713 hrs. Test 2 (Table IX) 


ict 

DISCUSSION 
Fig. 6 shows a com on between Es 

Fig. 6 Corrosion by dissolved oxygen a 
Fig. 
chloride and open to the atmosphere (2713 hrs) Test 1 (Table aca 
ti 
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containing distilled water after 2328 hrs. Water was inhibited 
with 2000 ppm SBI chromate. Carbuncles have been removed 


Fig. 8 Large carbuncles on 
tubes and tube sheets in a 
chloride containing (140 

m) Chromate treated 
2000 ppm). Storage test 
within 48 hrs. Test 13 (Table 
IV) 


under storage conditions, the effi- 
ciency of the inhibitors which had 
shown promise. 

New tubing was installed in 
the test boxes, and after cleaning, 
new chloride-containing test solu- 
tions were added. SBI chromate 
at a concentration of 2000 
was added to the water in one test 
box while 3000 ppm of the pro- 
borate-nitrate-nitrite in- 

tor was added to the other. 

Incipient corrosion was visible 
within 24 hr in the chromate 
treated storage box while the tubes 
in the borate-nitrate-nitrite treated 
test did not corrode. Fig. 7 shows 
the corroded condition of the tubes 
from the two boxes after 3 months 
test time. The large localized 

tted areas located on the tubes 
m the chromate treated storage 
box were covered with large car- 
before cleaning. 


aphically, the 
prs a in uncle consisted 
of iron and chromium, presumably 


in the oxide or hydrated oxide 
form. The material was not crys- 
tallized well enough for identifica- 
tion by X-ray diffraction. Table IX 
shows the water analyses made for 
each test. Little evaporation took 


91 
in time, due to the formation of a th 
film of hydrated iron oxide on the ay 
surface of the water which re- = 
stricted oxygen access to the wa- is 
ter. Further proof was the high ie 
concentration of ferrous iron in the a 
water after the test. This iron oxi- 46 
dized and precipitated when ex- ee 
posed to air. me 
After demonstrating the effect ae 
of dissolved oxygen on steel in on 
this manner, researchers tested, oe 
7 


place in the chromate treated box 

since chemical concentrations re- 

mained approximately the same. 
Tests inv ting the varia- 


treated storage test, included stud- 
ies of stray current effects asso- 
ciated with a nearby motor-genera- 
tor set, the addition of ano salt 
(Na,SO,) for buffering effect, the 
initial boiling after inhibitor addi- 
tion to promote protective film 
formation. The tests showed that 
none of these variables had any 
effect on localized corrosion. 

The remaining variable was 
the chloride concentration in the 


concentrations: 34 ppm 
box No. 1, 73 ppm for 


Fig. 9 Severe corrosion on tubes stored in sulfate ini 
(705 ppm) Borate-Nitrate treated (2510 ppm). Test 18 (Table 


No. 2, and 140 for test box 
No. 3. Large uncles formed 
on the tubes and tube-tube sheet 
junctions of the test box containing 
Oe. chloride within 48 hr. 

Literature® indicated that the 
sulfate concentration would have 
the same effect on the sodium ni- 
trite inhibitor as chloride on the 
chromate inhibitor. Tests to de- 
termine the concentrations of sul- 
fate which would reduce the ef- 
fectiveness of a sodium borate- 
sodium nitrite mixture at a nomi- 
nal concentration of 2500 ppm 
(Table IX) were devised. 

The results showed that the 
sulfate ion would interfere with 
the inhibitive properties of the so- 
dium nitrite inhibitor. More than 
500 of sulfate concentrations 
were required to produce corro- 
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bles associated with the preceding, 
5 attempting to find the cause of 
; localized attack in the chromate 
test water. Another series of tests 
was made using varying chloride 
for test 
test box 
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sion at nominal inhibitor concen- 
tration (2500 ). The type of 
attack diff that of chlo- 
ride on the chromate inhibitor 
(Fig. 9). In the case of the sulfate 
interference with the nitrite inhibi- 
tor ies, the attack was more 
than localized. 

Further testing with the bo- 
rate-nitrate-nitrite inhibitor (nomi- 
nal 3000 concentration, Test 
20-22) showed a similar corrosion 
occurring at approximately 200 

concentration of sulfate ion 

.=). Since sodium nitrite makes 
up approximately 30% of this in- 
hibitor compound, it appears that 
if the sodium nitrite concentration 
is less than four times the sulfate 
concentration, proper storage in- 
hibition is not sitained oe these 
test conditions. 


CONCLUSIONS 


Tests conducted since April, 1957, 
have resulted in the following con- 
clusions: 


1— The Steel Boiler Institute 
buffered chromate inhibitor at a 
nominal concentration of 2200 ppm 
is satisfactory in preventing 
solved oxygen corrosion of plain 
carbon steel tubing when 
in the boiler water is present. 

2— Both the proprietory bo- 
rate-nitrate-nitrite inhibitor at a 
concentration of 3000 and the 
borate-nitrite (10% borate, 
90% sodium nitrite) mixture (at 
2500 ) are also satisfactory in 
dissolved oxygen attack 
on plain carbon steel tubing. These 
inhibitors were tested with and 
without hardness in the boiler 
water. 7 ; 

3— The “soluble oil” inhibitor 
was not a satisf: inhibitor 
under test conditions. Considerable 
pitting and corrosion of the tubing 
as wel’ as a serious foaming con- 
dition, resulting in boiler water 
carryover into the stream, occurred. 
Under boiling conditions the solu- 
ble oil emulsion partly broke down, 


TABLE Vill 
TUBE METAL ANALYSIS—STORAGE TESTS 


Tubes Used in the 
Corrosion 
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i- 
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e 
th 
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n 
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Tubes Used in Tubes Used in 

Chromate and Evaluati 

Description Demonstration Test Nitrite Test Relationship ; ef 

Carben, as C 0.12 0.10 0.13 7. 

Silicon, as Si <0.01 0.01 <0.01 ae 

Manganese, as Mn 0.40 0.45 0.45 a 

Phorpherus, as P 0.014 0.012 0.010 oe 

Sulfur, as $ 0.046 0.032 0.029 a 

Nickel, as Ni 0.045* 0.10° 0.04* 

Chromium, as Cr Net Detected 0.05* 0.023* ae 

elybdenum, as 0.008* 0.01 0.01 

Copper, as Cu 0.055* 0.037* 0.076* i 

Aluminum, as Al 0.003 0.014*  0,007* 


* Concentration of chemicals due to natural 
evaporation of water in test boxes. 
** Inhibitor A-SBI chromate. 

Inhibitor B-Borate-nitrate-nitrite. 

Inhibitor C-Borate-nitrite. 


as exhibited by oil in the boiler 
uge . 

confirmation test, with 

sodium hydroxide as an inhibitor 

in oxygenated-distilled boiler wa- 

ter containing sodium chloride, 

showed the ineffectiveness of this 


>>>>>>>> 


c 
c 
c 
Cc 
c 
c 
B 
B 
B 


1 No determination due to large amounts of dis- 
solved and precipitated iron. Solution was re- 
ducing due to dissolved ferrous iron. 


2 Water exposed to laboratory atmosphere and 
therefore assumed to be saturated (6 mls/liter 


room temperature. 


chemical compound (alone) in new 
plain carbon steel tubing. 

5—An additional “high 
strength, low alloy” tube material 
and a copper bearing steel were 
tested in oxygenated-distilled boiler 
water containing sodium chloride. 
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TABLE IX 
WET STORAGE TESTS 
T T of Test Inhibitor Conc. 
est est 
: No. Conditions Hours Inhibitor** Initial Final 
1 box 
Test stored open to an3 ioe 
2 Deaserated and stored 
: 4 Same as 3. 2328 B 3000 4350 
‘ 5 Boiled and allowed to 
; cool to room tempera- 
. ture, Stored open to at- 
& Grounded copper 
wire to ph motor 
generator set. Stored 
to 
7 Same as 3. 1656 2000 1983 
8 Same as 3. 2568 2000 2682 
9 Same as 3. 2568 2000 3369 
Same as 3. 1320 2308 2721 
14 Same as 3. 768 2490 2499 
15 Same as 3. 768 2531 2620 
16 Same as 3. 768 2508 2600 
17 Same as 3. 1632 2728 2650 
18 Same as 3. 1632 2510 2575 
: 19 Same as 3. 1632 2518 2669 
20 Same as 3. 168 3125 — 
21 «Same as 3. 168 
22 «Same as 3. 168 


FFF 


Neither alloy (Table II and III) 
had markedly less pitting than 
plain carbon steel. It appears that 
low alloy steels of this type will 
not provide a satisfactory solution 
to the tube corrosion problem. 
6—Copper flash-plating of 
plain boilec tubes with 
acidic copper sulfate, and its sub- 


Sequent operation in oxygenated 
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No corrosion. 
Possible incipient 
corrosion. 


ere corrosion. 


a 


distilled boiler water containing 
sodium chloride, did not lead to 
accelerated corrosion. Copper in the 
form of copper sulfate was added 


to the boiler water, periodically. 

7 — Sodium nitrite, alone, was 
an effective inhibitor in oxygen- 
ated-chloride containing _ boiler 
water. However, sodium nitrite 


should not be used without a 
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Chloride Sulfate. en 

Initial Final® Initial mls/liter pH Comments 
216 None —— (1) 66 Severe corrosion. 
214 None —— 0.07 9.2 No corrosion. : 

Large carbuncles. 

324 336 None —— 9.5 Pit corrosion under 
306 340 None —— 2 9.2 carbuncles. 
No corrosion. : 
Same results as ; 
Test 3. 
300-348 None —— (2) 9.2 
254 None —— 9.2 See Test 3. P 
None None —— 8.0 No corrosion. 2 
128 None 8.6 See Test 3. Us 
240 None —— 8.6 See Test 3. . 
29 None —— 8.1 No corrosion. - 
62 None —— 8.1 No corrosion. 
114 15 140 8.4 Large carbuncles 
formed within 48 a 
None 6055 
None 140 150 ( 
None 275 230 { 
None 540 
None 705 705 
None 980 1050 
525 —— 


chemical buffer to produce an 
alkaline pH. 

8 — In tests here, the 
Steel Boiler Institute buffered 
chromate inhibitor at a nominal 
2200 ppm concentration was a 

wet storage inhibitor 
under a heric conditions, pro- 
vided that chloride concentra- 
tion in the water was not more 
than 100 ppm. Storage tests were 
conducted with chloride concen- 
trations only 73 ppm and 140 ppm; 
however, the accelerated test boil- 
ers, using the SBI ee com- 
pound, were rated at 100 
(homina) level, and 

-time storage during test 

riods 
effects. Most original fill waters 
will be below this chloride figure 
and with no, or quite small, losses 
of steam or water from the system, 
thus avoiding concentration of 
boiler water salts. However, this 
difficulty with the SBI chromate 
should not be a serious problem. 

9 — Borate-nitrite at a nominal 
2500 ppm and proprietary borate- 
nitrate-nitrite at 3000 ppm were 
ai heric wet stor- 


ga’ 

age inhibitors. joride at con- 
centrations to 300 does not 
interfere, but high ate concen- 


trations in the water would inter- 


fere with the effectiveness of these. 


inhibitors under the test conditions 
used. A sulfate concentration of 
at least 500 at the nominal 
borate-nitrite bitor concentra- 
tion of 2500 was necessary. 
Natural waters containing this high 
concentration of sulfate are un- 
usual. However, it was found that 
the nitrite and sulfate concentra- 


tions were related. The sodium 
nitrite concentration should be at 
least four times the sulfate con- 
centration for storage protection, 
emphasizing the importance of low 
system losses. 


Recommendations — If adhered to, 
the following should produce a 
general increase in the operating 
reliability of low-pressure steam 
(15 psig max) boilers. 

1 — The watersides of all new 
boilers should be cleaned by boil- 
ing it out with a 0.5% solution 
(approx. 4 oz/5 gal water) of soda 

(Na,CO, n H,O), then b 
draining and rinsing it with fres 
water. 

2—The boiler should be re- 
filled with water and the proper 
chemical inhibitor added. It should 
then be fired for a short period to 
insure proper dissolution and mix- 
ture of the inhibitor in the water. 
Never permit a boiler to stand in 
wet storage without a proper 
chemical inhibitor in the boiler 
water. Choose an inhibitor from 
the following: 

Steel Boiler Institute chromate 
inhibitor at a concentration of 1.5 
oz per five gal of water. If the 
boiler water contains more than 
100 (approx. 6 grains/gal) 
that severe localized corrosion 
occurs.° 
A borate-nitrate-nitrite inhibi- 
tor (approx. 40% sodium borate 
(borax), 30% sodium nitrite and 
30%. sodium nitrate) at a concen- 
tration of 2 oz five gal of 
water. *If the boiler water contains 


*Refer to conclusions numbers 8 and 9 in 
preceding text. 
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less than four times as much sodi- 
um nitrite as sulfate, wet storage 
tests show that corrosion occurs. 
(This would be equivalent to ap- 
prox. 30 grains/gal for the borate- 
nitrite or 12 grains/gal for borate- 
nitrate-nitrite inhibitor). 

A borate-nitrite mixture (90% 
sodium nitrite and 10% sodium 
borate) at a concentration of 1.7 
oz per five gal of water. Also the 
note concerning sulfate concentra- 
tion effects applies to this in- 
hibitor. 

3—It is recommended that 
prior to summer or other wet- 
storage periods the boiler be 
drained and refilled, in view of the 
possible concentration of undesir- 
able anions, such as sulfate and 
chloride in the boiler water due to 
make-up for steam losses and sys- 
tem leaks during the heating 
season. After draining and then re- 
filling with fresh water, the proper 
concentration of the desired in- 
hibitor should be added and the 
boiler fired for a short period to 
insure proper solution and mixture 
of the inhibitor in the boiler water 
before leaving out of service. 

During this short firing period, 
air must steamed out of the 
system ete the vents and the 
boiler then shut-down and sealed 
for storage. The boiler must not 
be allowed to stand after draining 
and refilling, unless it's fired to 
drive off dissolved oxygen. 

4—Tests show that these in- 
hibitors. when used in specified 
amounts, stopped corrosion which 


was already in progress. But due 
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to the uncertainty of what amount 
and of waterside deposit ac- 
cumulations may be present in old 
units, local condi- 
tions, cleaning boilers before 
adding the proper chemical in- 
hibitor is recommended. Chemical 
cleaning agents and inhibitors can 
be . (The boiler owner should | 
contact his local plumbing and 
heating service.) 
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DISCUSSION 
; Cleveland, Ohio: What effect : Some higher pressure boilers 3 
: too heavy a concentration of up to 400 psi. Complete 
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Design of Wet Cell Air Humidifiers 


MELVIN W. FIRST 


Wet cell washers have been used 
for many ‘ome: for cooling, humidi- 
fying, dehumidifying, and clean- 
ing ventilation and process air. 
Manufacturers are able often to 
supply satisfactory performance 
data for their own equipment, but 
little information of a systematic 
nature has been published relating 
the nature and amount of cell pack- 
ing, nozzle design, or air and water 
rates to air washer performance. 
This report is concerned ex- 
clusively with the performance of 
wet cell washers when employed 
for adiabatic cooling and humidi- 
fication of outside air, but these 
data also have a high degree of 
relevance to the other heat and 
mass transfer processes for which 
this equipment may be employed. 
The recent availability of a 
large variety of synthetic materials 
which offer interesting characteris- 
tics as wet cell packings (plus novel 


Melvin W. First is a consulting and research 
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in oO, February 
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forms of older materials. such as 
glass and metals) has expanded 
greatly the le to 
the designer of thi of equi 
the need for improved performance 
data on a much wider variety of 
materials. 


THEORETICAL 
CONSIDERATIONS 


Air humidifiers, in which untem- 
pered water is recirculated from 
a sump having a total capacity 
many times minute volume 
water rate, have the characteristics 
of an adiabatic system. Heat trans- 
ferred to the water from the air 
tends to heat it, but evaporation 
tends to cool it, and when the un- 
evaporated water is recirculated, it 
attains the wet bulb temperature 
of the air; at this point these two 
effects balance and the water 
temperature thereafter remains un- 
changed. 

In practice, this perfect bal- 
ance is seldom obtained, e.g. heat 
may be gained or lost through the 
washer cabinet from the surround- 
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ing air, or the temperature of the 
make-up water may be above or 
below the wet bulb temperature. 
Except when the water is artifici- 
ally heated or cooled, however, the 
observed effects are sufficiently 
close to those obtainable from 
adiabatic humidifiers that it is gen- 
erally permissible to ignore the de- 
viations noted above. 

In any case, the larger the 
washer the less a factor extraneous 
heat sources become in overall 
performance. This is because the 
ratio of exposed surface to cubical 
contents decreases as the size in- 
creases, so that, my heat gains 
main unchanged, the heat gain per 
cu ft of air flow decreases rapidly 
when capacity exceeds a few 
thousand cfm of air. 

On the other hand, with small 
test units of 100-500 cfm capacity, 
heat exchanges through the washer 
cabinet and temperature differ- 
ences of make-up water are often 
significant. Precautions must be 

en to minimize deviations from 
a true adiabatic process if the col- 
lected data are to be meaningful. 


To develop theoretical equa- 
tions relating humidification per- 
formance to the physical charac- 
teristics of the apparatus, it is 
necessary to consider the processes 
that take place at the sy we 
between the air stream and the 
water film. First, water is evapo- 
rated from the liquid surface and 
finds its way into the air stream, 
increasing its absolute humidity; 
second, heat losses or gains from 
the bulk liquid are balanced by 
corresponding sensible and latent 
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heat changes in the air stream. 
These relationships can be quanti- 
tated by a material and heat bal- 


ance as follows: 


—dL = —wdH 
—L(dT) =—ws(dt) —-wr(dH) (2 
where dL = mass rate 


dry air) 
dT=change in tem ture 
of the water ( 
.24+0, 
(Ib dry air) 
dt = change in bulb temper- 


of air (F) 
r = latent heat of tion 
(Btu/lb water) 


Since the bulk water temperature 
remains unchanged at the wet bulb 
temperature of the air in an adia- 
batic humidifier, LdT = 0 for this 
special case and 

—ws (dt)=wr(dH) (3) 


This indicates that the change in 
the sensible heat content of the air 
stream is equal to the latent heat 
ain but opposite in sign; i.e. total 
eat content of the air stream re- 
mains unchanged and the heat re- 
quired to evaporate additional 
moisture is obtained from loweri 
the temperature of the dry air a 
moisture already evaporated. 
Determination of the rate of 
transfer of sensible heat between 
(1) the main body of air at tem- 
perature, t, and (2) the water film 
at temperature, t,, requires the 
introduction of a rate coefficient, 
h, equal to the number of Btu 
transferred per hr per sq ft of inter- 


|_| 
oration (Ibs per hr) 
w=mass air flow rate (lbs 
of air per hr) ? 
dH = absolute in- 
crease of air ( of : 
water vapor per lb of % 
av 
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face between air stream and liquid 
and per deg temperature difference 
between air stream and water film, 
as follows: 


—ws (dt) =h (dA) (t—ti) (4) 


where dA = the differential area 
of contact between air stream and 
water film. 

Similarly, the rate of diffusion 
of water vapor between the air at 
the interface (having an absolute 
humidity = H,) and the main body 
of the air stream (having an abso- 
lute humidity = H) is given by the 
following mass transfer equation: 


—w(dH) = k(dA) (H—H,) (5) 


where k = coefficient of vapor dif- 
fusion in lb of vapor per hr per sq 
ft of interface between air stream 
and liquid and per unit humidity 
difference between gas and inter- 
face. Temperature of the water 
film, t,, is substantially constant and 
equal to the wet bulb temperature 
since the two phases are in equi- 
librium at the interface. Similarly, 
humidity of the film of air at the 
interface, H,, is constant and equal 
to saturation at the wet bulb tem- 
perature (H,). Making these sub- 
stitutions and integrating equations 


4 and 5 gives: 
te hA 
In (4a) 
t— te ws 
and 
H. — Hi kA 
In =— (5a) 
H. — H; w 
where the su “1” and “2” reter 


to entering and leaving conditions, respec- 
tively. 

The ratio of the humidity 
difference between air at exit and 
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saturation humidity at the wet bulb 
temperature, the humidity 
difference between air at entry and 
saturated air may be obtained from 
equation 5a by determining the 
anti-log and inverting. This gives: 


Hw: — Hi e 


The wet bulb temperatures of 
prone. and leaving air are sub- 
stantially equal in an adiabatic 
humidification unit so that H,, = 
H,. and E, the fractional humidi- 
fication efficiency, i.e. actual hu- 
midification divided by that obtain- 
able in an infinite apparatus, equals: 


kA 
(5c) 
Hy — 
or 
(5d) 


Rate coefficients “h” and “k” 
of equations 4a and 5a are inter- 
related, so that these two equations 
may be used interchangeably. 
Since it is more convenient, experi- 
mentally, to measure wet and dry 
bulb temperatures, equation 4a is 
agen and it takes a form simi- 
ar to that of equation 5d, as fol- 
lows: 

-hA 
ti— te 
t— tw 


(4b) 


=l—e 


The interfacial area (A) of 
tions 4b and 5d refers to the 
total effective area of contact be- 


“kA 
He: H, 1 w 
5b 
“kA 


tween liquid and gas phases and 
not to the total surface of the pack- 
ing material, since all the packing 
material is never completely we 
and, in addition, a certain portion 
of the surface is made inactive by 
areas of contact between packing 
elements. In practice, it is almost 
never possible to determine the 
true interfacial area of contact in 
a wetted fiber cell or device of 
similar nature. It is generally help- 
ful, however, to consider the total 
effective interfacial area, “A,” as 
the product of “a,” the interfacial 
area per unit volume of cell, “b,” 
the cross sectional area of the cell, 
and “z,” the cell depth. In equa- 
tion 4b, air flow rate, w, is in terms 
of Ibs of dry air per hr, but air 
flow may be considered on a volu- 
metric basis by substituting 60pQ 
for w, where Q = cfm and p = lb 
— ft of air. The volumetric 

rate is also equal to the prod- 
uct of air velocity “V” and cell face 
area “b.” Making these substitu- 
tions in equation 4b gives 
“(hA) (z) 1 

(V) 


(4c) 


Since density of air differs little 
over the temperature range en- 
countered in supply air humidifica- 
tion problems, “p” may be consid- 
ered as constant with little error. 
Similarly, over the temperature and 
humidity range encountered, 
changes in the value of the humid 
heat “s” will seldom, if ever, ex- 
ceed 5%; this term, also, may be 
considered as a constant. Under 


=l-e 


these conditions, equation 4c indi- 
cates that humidification efficiency 
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increases with depth of cell and 
with decrease of air flow rate. Effi- 
roves 4 also increases with effective 
interfacial area per unit volume of 
cell, and with ter heat transfer 
coefficient. For fiber cells, the unit 
effective interfacial area “a” may 
be augmented by utilizing finer 
fibers, packing greater weights of 
fibers into the cell and by more 
effective fiber wetting through the 
use of special eres fiber ar- 
rangements and by alterations of 
the spray pattern and mean spray 
droplet size. 

Transfer coefficient “h” is not 
constant but is thought to be a 
complex function of a number of 
variables. The most important of 
these are the shape of the solid 
surface elements and the velocity 
of air past the wetted surface. In 
all instances but one, the packing 
materials investigated in this study 
were cylindrical (or nearly so), so 
that in this case the principal varia- 
tion in the value of the transfer 
coefficients was related to air ve- 


locity through the packed bed. 


EXPERIMENTAL EQUIPMENT 
AND PROCEDURES 


Fig. 1 illustrates, diagramatically, 
the arrangement of apparatus used 
in the humidification tests. A one 
in. thick insulating glass fiber blan- 
ket (not shown) sheathed the en- 
tire washer cabinet and water pi: 
ing as it was found, experimentally, 
that heat exchanges through the 
walls were influencing results sig- 
nificantly when a large difference 
existed between dry and wet bulb 
temperature of the ambient air. 
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Air flow rates were measured 
with a 5% x 4 in. orifice meter 
and alcohol-filled U-tube manome- 
ter placed on the discharge side of 
the air blower. The meter was 
calibrated by standard Pitot-static 
tube traverses at 10 air flow rates, 
representing a velocity range 
through the humidification cell of 
100-700 fpm. Water flow rates 
were measured by noting water 
pressure at entry to the nozzle and 
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ture of the circulating water, were 
measured with calibrated psychro- 
metric mercury thermometers hav- 
ing a stem length of 10 in. and a 
temperature range of 30-120F in 
Y% deg divisions. An iration 
serps with the air inlet 
located just above the center of the 
washer inlet (see Fig. 1) was used 
to measure inlet conditions. Heat 
exchanges with the surroundings 
by conduction and radiation were 


negligible since the temperature of 
the air entering the aspiration psy- 
chrometer was, for all practical 
purposes, identical with that en- 


referring to “pressure-delivery” 
curves for each nozzle. 

Inlet and outlet dry- and wet- 
bulb temperatures, and tempera- 


Table |I—Wet Cells 
Cell Description Surface 
Thickness sq ft/ total 
in. cu ft sq ft 
Packed with herringbone-crimped aluminum 
Crimped ribbons 0.009 in. thick, 12 in. long, and 2,4, 2 155 32.5 
Metal or 6 in. deep. Packing arranged in a geometric 4 155 65 
Ribbon pattern to provide convoluted flow channels 6 155 97.5 
approximately % in. sq 
Crimped Multiple layers of herringbone-crimped brass 
Metal wire mesh woven from 0.01 in. diam wire and 4 120 51 
Mesh having 16 openings per in. 
Straight 4-8 in. long glass fibers, 135 micron diam, 
Glass random-packed in planes parallel to cell face; 2 210 52 
Fibers 3.2 Ib fibers per cu ft cell volume 
Crimped 4 in. long crimped nylon fibers, 250 micron 
Nylon diam, random-packed in planes parallel to 1.75 81 15 
Fibers cell face; 1.17 Ib fibers per cu ft cell volume 
6-Denier Bonded fiber pack containing 0.5 Ib of 25 
Dynel micron diam fibers per cu ft of cell volume 2 266 55.5 
Fibers (63% fibers and 27% bonding agent by wt) 
24-Denier Bonded fiber pack containing 0.6 Ib of 48 
Dynel micron diam fibers per cu ft of cell volume 2 168 35 
Fibers (63% fibers and 27% bonding agent by wt) 
Curly 1-2 in. long curled pyrex glass fibers 37 
Glass micron diam; random packed 0.67 Ib per cu 2 168 35 
Fibers ft of cell volume 


closing the instrument. Calibration 
of the aspiration psychrometer with 
a sling psychrometer confirmed 
that readings by the two instru- 
ments were identical. 

An aspiration psychrometer of 
identical design was used down- 
stream of the test cell, but this in- 
strument was carefully heat insu- 
lated, since otherwise, the air with- 
drawn from the washer cabinet 
would have been subjected to 
warming from the surroundings 
through the walls of the instru- 
ment. According to theory, the 
wet bulb temperature of the air 
does not change during passage 
through the humidification cham- 
ber. Therefore, it could be as- 
sumed that if heat entered or left 
the system through the cabinet 
walls or by way of the water pump, 
the leaving wet bulb temperature 
would rise to give warning that 
the process deviated significantly 
from adiabatic conditions. In prac- 
tice, the downstream eter 


location, shown in Fig. 1, was gen- 
erally satisfactory; the difficulties 
experienced at this point were 
principally connected with wetting 
of the dry bulb by droplet carry- 
over. 


Designation* Full or Hollow 
(in.) Cone Pattern 

% X 0.209 Full 

X 3/32 Hollow 

1/16 Hollow 
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Temperature measurement of 
the spray water was accomplished 
by immersing a thermometer in the 
liquid reservoir below the wet cell. 
Often, temperature of the sump 
liquid exceeded inlet and outlet 
wet bulb temperature by as much 
as 1F, indicating heat a ion 
from the during — 
age through copper water tu ing 
plus heating from the mechani 
work of the impeller. Mag- 
nitude of differ. 
ence, when it occurred, was not 
considered a serious deviation from 
adiabatic conditions within the 
scrubber. 

Facilities were not available 
for regulating the temperature of 
makeup water, so water was added 
on a batch basis and the unit oper- 
ated until the sump thermometer 
indicated the b liquid had 
reached the wet bulb temperature 
of the air before making psychro- 
metric readings. The liquid sump 
was generally capable of holding 
sufficient water to permit at least 
a one hr data run, so that lack of 
facilities to regulate the tempera- 
ture of the eup water was not 
a serious inconvenience; ially 
since the 10-15 minute equilibra- 


Delivery and Total 
Spray Angle at 15 psi 
gpm degrees 
2.25 87 
0.29 78 

0.185 58 


* First number refers to thread size for attachment to water piping system; second number refers to 


nozzle outlet orifice diameter. 
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tion run, after liquid additions, 
could be used for making air flow 
resistance measurements for which 
water temperature was unimpor- 


in Table I; the spray nozzles, in 


Table Il. 
tifugsl, 
hydraulic 
= the nozzle size the 
smaller and more uniform 
that are formed; and drop size 
creases with increasing pressure. 
Therefore, it may be ale (and 
this is in good agreement with ob- 
servation ) that % x .209 nozzle 
uces the coarsest drops 
% x 1/16 finest; 
with the % x 3/32 nozzle produc- 
ing drops of an intermediate size, 
but more nearly like those of the 
% x 1/16 nozzle. 
Air flow resistance of each cell 
was measured dry and at one or 


more water flow rates over a range 


of velocities from approximately 
100 to 600 fpm. Pitot-type static 
pressure probes (made in conform- 
ity with directions contained in the 
ASME blication PTC 19.2.2,3. 
1945 and calibrated with a stand- 
ard Pitot-static tube in a moving 
air stream) were installed imme- 
diately up-and-downstream of the 
test cell, and the differential pres- 
sure read with an alcohol-filled ver- 
tical or 1/10 inclined U-tube ma- 
nometer. Considerable difficulty 
was experienced, due to plugging 
the static probes during wet runs. 
Coating the exterior of the probes 
with a film of water-repellent sili- 
cone oil caused the moisture to 
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gather together into large . 
which frequently dripped off and, 
in any case, made them much less 
likely to bridge over the tiny static 
pressure holes. Even with this aid, 
it was generally necessary to blow 
out the tubes before each reading. 
Serial humidity measurements 
were usually made by varying air 
flow velocity while holding all 
other conditions constant. In a few 
instances air flow was held constant 
and water rate changed systemati- 
cally. Air flow resistance measure- 
ments were always made by the 
former method. Percent humidifi- 
cation efficiency “E” was calcu- 
lated from up-and-downstream 
psychrometric readings as follows: 


— te: 
e=| 1— 
t: — tw: 
Although t,.2 should equal t.; in a 
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truly adiabatic process, up-and- 
downstream wet-bulb tempera- 
tures did not always exactly coin- 
cide (although the discrepancies 
were small); therefore, Equation 6 
was utilized throughout. 


EXPERIMENTAL RESULTS 
Humidification efficiency — ne 2 
shows experimental curves of hu- 
midification efficiency vs air veloc- 
ity for nine cells. Each was wetted 
by two % by 3/32 nozzles deliver- 
ing a total of 0.6 gal of water per 
minute; equivalent to 0.46 gpm/sq 
ft of cell face area. These curves 
clearly show that humidification 
efficiency decreases as air velocity 
increases and that humidification 
is highly sensitive to small changes 
in air rate. This behavior agrees 
with the relationship predicted by 
equation 4c. Since the water rate 
was 0.6 gpm during all these ex- 


periments, it will be evident that 
as the air rate changed, the water 


rate, in terms of of water 

1000 cu ft of air was altered, ’ 
Therefore, when air flow through 
the humidification cell was re- 
duced, not only was residence time 
within the wetted packing in- 
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creased, but, in addition, the 
amount of water available for hu- 
midification cu ft of air was, 
pore greater. This as- 
pect of the humidification process 
will be discussed in another section. 
It is obvious from i 
of Fig. 2 that certain of the cells 
were much more ge in hu- 
midifying air than were others. It 
is na to assume that these dif- 
ferences are inherent in the nature 
and amount of packing in each of 
the 9 experimental cells; this in- 
formation is contained in the Table 


accom ing Fig. 2. The 

material contained in each cell is 
of especial interest, since theoreti- 
cal considerations indicate that ef- 
fective wetted surface is one of the 
principal variables. Curves 1, 2, 
and 3 of Fig. 2, representing three 
different depths of the cell packed 
with crimped aluminum ribbon, 
show a steady and significant dis- 
placement in the direction of im- 
proved humidification efficiency as 
the gross packing surface increased 
from 32.5 to 65 to 97.5 sq. ft. We 
see, for example, at an air velocity 
of 200 , that unsaturation (i.e. 
1-E) decreased from 19% to 14% 
and then to 10% as the surface of 
the cell packing increased by equal 
increments. 

The relationship between gross 
packing surface and humidification 
efficiency for cells of diverse pack- 
ing materials, however, is less or- 
derly. For example, curve 4, repre- 
senting a 4-in. cell containing 
0.01-in. diam wire mesh and curve 
5, a a 1%-in. deep ex- 
perimental packed with 0.01 


#100 


gross surface. A considera- 
tion of filament diam shows no bet- 
ter correlation with humidification 
efficiency than does total sur- 
face area. Clearly, nei total 
gross surface area nor filament 

may be utilized as a reliable 
index of humidification efficiency, 
since the influence of ig ar- 


quantity of 254 micron Nylon Ebers 
produced the same humidification 


much more so than the handpacked 
Nylon fiber cell), so that — 
tribution of the metal ents 
was definitely not a contribu 

factor to this cell's relatively poor 


humidification An al- 
ternate explanation is thought to 
be connected with the ter wet- 
ability of the Nylon ts. All 


the metal = were oil-coated 
when received (and properly 
since these units are normally 


so, 
em- 


ployed dust filters for air 
Although 
were purged prior 


faces of the packing materials. 

It was noted, even after the 
crimped metal ribbon cell had 
been well cleaned, that water on 
the packing surfaces tended to 
gather into large drops rather than 
to spread out and wet all the sur- 
faces. This behavior appeared to 
be characteristic of the smooth, 
shiny aluminum surfaces of the 
packing even when the metal was 

of oil. It seemed reasonable to 
believe that humidification eff- 
ciency of the cell would be im- 
proved if the packing surfaces 
could be more completely wetted. 
Therefore, a standard 4-in. d 
crimped metal ribbon cell was sol- 
vent-degreased and electrochemi- 


cally etched in order to give a deep 

» 


FIG.4- HUMIDIFICATION EFFICIENCY AND 
WATER RATE 


DEEY CRIWPED METAL CELL 
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in. diam crimped Nylon filaments, 
ont are similar; yet the 
Nylon-containing cell has only 2/7 
the surface area of the wire mesh- to making humidification measure- 
containing cell. Further, humidifi- ments, it is entirely possible that 
. cation curves, 7, 8, 9, though prac- an oil film remained on the sur- 
F tically identical, represent cells 
containing from 35 to 55.5 ft of 
rangement on | 
| production of effective wetted sur- 
ce are known inadequately. 
metal screening composed of wire 
of identical suggests that 
| there may have been significant 
| differences in the manner in which 
3 the fibers were dispersed. In this 
case, however, the metal-filled cell 
was machine packed and the fila- 
ments were uniformly distributed 
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satin finish to all metal surfaces and 
then retested. The before- and 
after-etching results, shown in Fig. 
3, very clearly indicate that etchin 
the shiny surfaces of the metal 
packing significantly increased the 
idification efficiency of this 
cell; to the degree that a 4-in. deep 
etched cell became as effective as 
unetched cell. This 
important role of 
“wetability of the packing” in hu- 
midification efficiency. 

All the measurements shown 
in Fig. 2 were made while wang 
two % x 3/32 spray nozzles at 1 
psi nozzle-pressure. However, by 
alternating nozzle pressure, it was 
possible to make changes in the 
water delivery rate, and by utiliz- 
ing different nozzles, it was possi- 
ble to produce different spray 
droplet sizes and spray patterns 


(as well as different water rates). 

The effect of water rate and 
nozzle characteristics on humidifi- 
cation efficiency are illustrated in 


SS 


MUMIOIFICATION EFFICIENCY -% 
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FIG.5- HUMIDIFICATION EFFICIENCY AND SPRAY 
NOZZLE CHARACTERISTICS 
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Figs. 4, 5 and 6. Fi . 4 shows hu- 
midification curves for a 2-in. deep 
crimped metal ribbon cell when 
and two % x .209 

cone es at pressures 
from 2.5 to 15 psi. seo 

Althou ay pattern and 
average likely to 
change with changes in nozzle pres- 
sure, the range of pressure varia- 
tions employed was restricted suffi- 
ciently to suggest that the principal 
change was in the quantity of water 
emitted. Humidification efficiency, 
as shown in Fig. 4, appears to in- 
crease in a regular manner as the 
water rate increased and, in fact, 
Fig. 4 shows that the percentage 
unsaturation decreased roughly in 
proportion to the increase in water 
rate. For example, at air velocities 
of 200 and 300 fpm, unsaturation 
decreased 7 percentage points when 
water rate nearly doubled from 0.8 
to 1.5 gpm; and it decreased 5-6 
percentage points when the water 
rate dou from 1.8 to 3.6 gpm. 
This is nae a ent with 
effect predicted by equation 4c, if 
it is assumed that increases in water 
rate produce a proportional in- 
crease in the effective wetted sur- 
face area. 

In Fig. 5 there are humidifica- 
tion curves for a 2-in. deep cell 
packed with 35 micron diam curly 
= wool and wetted with three - 

ifferent nozzle systems. In Fig. 6 
there are similar curves for a 2 in. 
deep cell 135 micron 
diam random ed straight 
fibers wetted with two 
nozzles. It may be seen in both 
Fig. 5 and 6 that, just as was noted 
above, for a given nozzle system, 
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humidification efficiency increases 
as the nozzle pressure (i.e. quantity 
of water) increases. 

However, when the effective- 
ness of the different nozzles is 
compared, it may be seen from Fig. 
5 that the % x 1/16 nozzles, whi 
deliver the smallest water quantity, 
were least effective; but that the 
% x 3/32 nozzles, which deliver 

only 1/3 the water tity of a 
% x .209 most 
effective in ucing wetted sur- 
face in the cell packing. The abso- 
lute superiority of the % x 3/32 
nozzle over the % x .209 nozzle 
(as well as on a gal-for-gal basis ) 
is also shown in Fig. 6. 

It may be concluded from the 
evidence in + 5 and 6 that water 
quantity is only one of the impor- 
tant factors judging nozzle per- 
formance and that the size of the 
spray droplets which are formed is 

equal, or greater, significance. 
Extreme fineness of droplet size is 
not necessarily beneficial, si since fine 
—— are likely to pass through 


without impactin 
po Pp et surfaces. ‘On the 
other hand, broken 
up into lets , there 
quately wet all areas of the pack- 
ing. 

Humidification curves for 2, 4 
and 6-in. deep crimped metal rib- 
bon cells of identical construction 
were seen in Fig. 2; it was pointed 
out that the humidification effi- 
ciency improved as the gross sur- 
face area ‘of the packing (Le. cll cell 
depth) increased. Si 
were observed when these same 
cells were wetted with two % x 
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.209 nozzles (instead of two % x 
3/32 nozzles as shown in Fig. 2), 
and curves of humidification effi- 
ciency vs cell depth for selected 
air flow rates are shown in Fig. 7. 
These curves are in close a 
ment with the relationship between 
humidification efficiency and cell 
depth (z) indicated by theory, as 
shown in Equation 4c. 

It was noted during the dis- 
cussion of the humidification curves 
shown in Fig. 2 that when air flow 
changed, the water-air ratio also 
changed (because the spray system 
maintained a constant minute vol- 
ume water rate). Other experi- 
mental data indicated that when 
air flow was held constant and 
the water rate varied, im 
changes in humidification 
also occurred. To te the 
effect of these two interrelated fac- 
tors, all the pertinent humidifica- 
tion efficiency data were recalcu- 
lated in terms of water rate (in 
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FIG.6 -HUMIDIFICATION EFFICIENCY AND SPRAY 
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gals) per 1,000 cu ft of air flow and 
replotted in Fig. 8. Data devel- 
with different numbers of 
nozzles and over a full range of 
nozzle ures have been con- 
solidated in the humidification 
curves in Fig. 8, and the fact that 
both droplet size and spray pattern 
were somewhat affected by these 
a has been ignored. 
spite of these variations, 
lots of water-air ratio vs humidi- 
Bcation efficiency gave smooth 
curves which indicated that over 
the range of air velocities studied 
(i.e. 150-600 fpm), humidification 
efficiency was independent of air 
flow and proportional to water-air 
ratio, alone. For each cell, it ap- 
pears that number of nozzles and 
spray water pressure affect humidi- 
fication efficiency only insofar as 
they influence the quantity of water 
delivered to the cell. 
Since the relatively large range 
and diversity of experimental data 
represented by the curves of Fig. 


; = 

s 


6 
CELL DEPTH - INCHES 


FIG. 7-HUMIDIFICATION EFFICIENCY AND CELL 
DEPTH 


CRIMPED METAL RIBBON CELL - USING 2-3/8" x .209" 


[CURVE wo | VELOCITY- 


Desicn or Wer Am Humupiriers By MELVIN W. Finst 


111 


8 (as well as the close similarity of 
curves for each combination of 
nozzles and cell analyzed in this 
fashion) indicate that most, if not 
all, cell packings exhibit similar 
behavior, it is desirable to inquire 
more closely into the manner in 
which the amount of water affects 
humidification. 

First of all, humidification ef- 
ficiency is closely tied to the amount 
of wet surface in the cell, ie. ef- 
fective area of packing. It is rea- 
sonable to believe that increased 
water rates produce more effective 
wetting of the available packin 
surface. Experiments with baffl 
water cooling towers and with gas 
absorption towers packed with 
rings and saddles bear this out, 
and it has been concluded that the 
fraction of the packing surface ef- 
fectively wett i 
on the liquid rate; only very slightly 
on the gas velocity. 

Over the much narrower range 
of air velocities studied in these 
humidification experiments, the in- 
fluence of velocity undoubtedly be- 
comes exceedingly small. Further, 
increased water rate may affect 
humidification efficiency indirectly 
by narrowing the air es and 
thereby increasing the local veloc- 
ity in the interstices of the fiber 
packing. Examination of factors 
affecting the magnitude of water 
vapor and heat transfer coefficients 
indicates that increased air velocity 
acts beneficially in this 

Therefore, it must be recog- 
nized that small changes in water 
rate (all other conditions remaining 
the same) result in complex changes 
in the total effective wetted area 


ie 
— 
= 


112 


of the g, as well as in the 
magnitude of the transfer coeffi- 
cients. Theoretical analysis of the 
humidification mechanism indicates 
that humidification efficiency is in- 
versely proportional to some func- 
tion of the air velocity (equation 
4c) but, in practice, the magnitude 
of the opposite change in effective 
wetted area and transfer coeffi- 
cients may more than offset the 
velocity effect. 

Referring to the curves in vis 
8 for the 2 in. deep curly glass 
packed to a density of 0.67 Ib per 
cu ft, it may be seen that for equal 
water rates the % x 1/16 nozzle 
was more effective than the % x 
3/32 nozzle, and both were more 


effective, gal for gal, than the % possess 


x .209 nozzle. During the discus- 


sion of Fig. 5, it was noted that two | 


_¥%q x 1/16 nozzles were less effec- 
tive than two % x .209 nozzles. 
However, this is true only when 
comparing ormance on a noz- 
zle-for- basis; since it is clear 
from Fig. 8 that gal-for-gal the 
smaller nozzle is far superior. 

It is a well-noted fact that 
small nozzle orifices produce finer 
spray droplets and, consequently, a 

ter area of air-to-water inter- 
acial surface per gal of water 
sprayed. This holds true for the 
period during which the droplets 
are air borne and, probably (though 
this is by no means certain), for 
period « hart which they reside on 
the ing surfaces themselves. 
From this, it may be concluded 
that Praying the same water vol- 
ume 4 x 3/32 or % x 1/16 
nozzles would effect a signi 
and substantial increase in idi- 
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fication efficiency of the wet cell 
over that produced by the % x 
.209 nozzle. For example, it may 
be seen from Fig. 8 that substitut- 
ing % x 3/32 for ¥% x .209 nozzles, 
increased humidification efficiency 
of the curly glass filled cell from 
82 to 92% at a water rate of 2.5 
gpm/1000 cu ft; while use of % x 
1/16 nozzles raised humidification 
efficiency to 95% under the same 
operating conditions. 

The use of fine droplet spray 
nozzles increases the tendency of 
free water to penetrate the hu- 
midification cell and it is likely that 
the use of fine spray nozzles will 
be most successful with cell pack- 
ings of small diam fibers which 
good stopping characteris- 
tics for small diam water droplets. 


Air flow resistance—Cell resistance 
is also an important factor in prac- 
tical humidifier applications. When 
cells have the same air flow resist- 
ance, there is obvious merit in 
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the one with greatest 
humidification efficiency (assuming 
cost, maintenance and other factors 
are roughly equal). 

For example, the straight 
fiber cell the air 
resistance as the Nylon cell, but 
higher humidification efficiency 
(e.g. 93% vs 86.5% at 380 fpm), 

would, therefore, a to be 
a better choice for cell packin 
unless the Nylon fibers should 
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ve to unusually 
self-cleaning ability or some other 
desirable property. 

Similarly, a choice could be 
made between a 4-in. deep crim 
metal mesh and a 4-in. deep 
crim metal ribbon cell, solely 
on the basis of cost, since humidi- 
fication efficiency and air flow re- 
sistance were closel ivalent. 

Experience with fibrous filters 
suggests that air flow resistance of 
washer cells should be directly 
proportional to cell depth and an 
examination of air flow resistance 
curves in Fig. 9 for three thick- 
nesses of the crimped metal ribbon 
cell wetted with two % x 3/32 
nozzles at 15 water pressure 
bears this out. 

The air flow resistance curve 
for each of the cells appearing in 
Fig. 2 is shown in Fig. 9. It is 
particularly significant that the 
relative order of the curves is quite 
different in these two Figs. (indi- 
cating that certain of the cells are 
capable of producing air humidifi- 
cation with lower power require- 
ments). 

There is a temptation to com- 
bine, in some manner, data on air 
flow resistance and humidification 
efficiency and to derive a “figure 
of merit” value for each cell, or 
cell-nozzle combination, which 
rates units on an overall basis such 
as “percentage points of humidifi- 
cation efficiency per hp of energy 
expended on air and spray water.” 

While figures of this sort are 
always of considerable interest, 
they fail to properly account for 
the relative importance of the two 
factors in any given situation. In 
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certain instances the “merit figure” 
would have to be heavily weighted 
in favor of air flow resistance (e.g. 
application of a’ 

atus to existin ems) whi 
the would be 
true (e.g. industrial constant hu- 
midity bers ). Under these cir- 
cumstances it is thought preferable 
to consider each factor separately. 

The quantity of water sprayed 
portant influence on air flow re- 
sistance, just as it has for humidifi- 
cation. In Fig. 10 are pressure drop- 
velocity curves for a 1.75-in. deep 
Nylon fiber cell when dry and 
when wetted at 4 different water 
rates with two % x .209 nozzles. 
It may be noted from the Fig. that 
the cell had ter resistance 
when wetted than when dry and 
that each incremental increase in 
water rate produced a smaller and 
smaller increase in air flow resist- 
ance. This same pattern was noted 
with other cells, as well. It is be- 
lieved that most of the increased 
energy loss represents energy trans- 
fers from air to liquid during the 
process of blowing water droplets 
off the cell surfaces since the eal 
air passages of cells like the crim 
metal ribbon are not likely to be 
greatly restricted during wetting. 
The percentage increase in air flow 
resistance due to cell wetting ap- 
pears to be roughly the same over 
the entire range of velocities tested, 
and the slope of the resistance- 
velocity curves was approximately 
0.6; close to fully-turbulent flow, 
which would have had a slope of 
0.5. 


DISCUSSION OF RESULTS, 
SUMMARY AND CONCLUSIONS 


All the tests which have been de- 
scribed refer to a single wet cell 
without an entrainment eliminator. 
The use of an entrainment elimina- 
tor of one type or another is com- 
mon practice in commercial wet 
cell washers. As its function is to 
remove liquid droplets, it is reason- 
able to expect that the surfaces of 
the entrainment eliminator will be- 
come wetted to some extent and 
that increases in air humidification 
will occur. 

Since the magnitude of this 
increase is affected by ve of 
entrainment separator utilized, by 
the entrainment characteristics of 
the cell and by the spray droplet 
size produced by the nozzles, the 
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use of eliminators these 
tests, designed to evaluate the basic 
efficiency of a single humidification 
cell, would have been a needless 
complication; and so they were 
omitted. 

Identical wet cells are often. 
used in series for increased effect. 
Theoretical considerations suggest 
that the magnitude of the heat and 
mass transfer coefficients, discussed 
previously, does not change as 
the humidification process pro- 
gresses toward saturation; and test 
results appear to be in agreement. 
Therefore, it may be concluded 
that each identical stage of a 
multi-stage wet cell unit produces 
the same percentage change in the 
condition of the air that reaches it 
and that the performance of a 
multi-stage unit may be predicted 
from knowledge of single cell 
performance. 

The amount of liquid carry- 
over, or entrainment, may be im- 

rtant in certain installations. Al- 
though this factor has not been put 
on a quantitative basis, there is no 
estion that the carryover from 
wire screen and aluminum rib- 
bon packed cells was greatly in 
excess of the carryover from the 
fiber cells. Judging from the large 
air openings and slight offset of 
alternate baffle sections present in 
these cells, large amounts of liquid 
carryover are not pry 3 In 
practice, this of cell should 


always be followed by a moisture 
eliminator, preferably a fine fiber 
dry pad, when absence of free 
moisture in the humidifier outlet 
is critical. 

Perhaps the most interesting 
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information to come out of this 


investigation is ition of the 
negligible effect of air flow rate on 
humidification efficiency over the 
range of velocities investigated. 
Humidification efficiency was found 
to be directly related to the ratio 
of water to air and to the water 
surface area produced by the spray 
system. 

This suggests a number of in- 


teresting ibilities: first, that 
considerable improvement in hu- 
midification ciency can be 


achieved by maintaining the same 
spray volume but changing from 
coarse spray nozzles to spray 
nozzles. The magnitude of the hu- 
midification increase achievable by 
this means ap to be of far 
greater value the modest in- 
crease in cost for the extra piping 
and nozzles. Second, that consider- 
able increases in washer air flow 
capacity appear to be practical 


when i spray rates are 
utilized. 
The principal deterrent to sub- 


stantially greater air flow rates is 
the corresponding increase in air 
flow resistance. However, there 
seems to be great interest in high 
pressure heating-ventilating sys- 
tems for office buildings, hotels, 
apartments, etc., in which high 
pressure, high velocity air streams 
are conveyed to the point of utili- 
zation and there expanded and 
mixed prior to release to the oc- 
cupied space. 

It seems unlikely that increased 
air flow resistance of a washer 
would be a serious obstacle in sys- 
tems of this type and the distinct 
advantages of smaller, cheaper and 


= 
= 
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larger capacity units for the same 
humidification efficiency are ob- 
vious. Doubtless these factors are 
of considerable significance in con- 
ventional systems as well. Cer- 
tainly, for commercial and indus- 
trial installations, increased air flow 
resistance should be a minor hin- 
drance com to the advantages 
enumerated above. 

For applications where humid- 
ity conditions close to saturation at 
exit from the washer are not re- 

ired, the use of cells such as 
crimped metal units may be 
advantageous because of quite low 
air flow resistance and ease of in- 
stallation. Where com- 
plete humidification 


metal cll 


of crim 
fication efficiency of 98.5%, while 
two eo of fiber cells would pro- 
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mercially significant would be an 


im t consideration in the se- 
lection of one cell or another. The 
above figures refer to an air flow 
rate of ; other air flow rates 
would produce different, but com- 
parable, results. In cases where 
equipment cost is an important fac- 
tor, it may be possible to obtain 
the desired outlet conditions with 
a single stage of fiber cells, where- 
as two stages of crimped metal 
cells would be needed. For this 
of requirement, the somewhat 
higher air flow resistance of a 
straight glass cell would more 
nearly equal the resistance of two 
crimped metal cells in series. 

Air flow resistance curves for 
the various cells and nozzle systems 
indicated that cells, when wet, 
have appreciably ter resistance 
than when , and that in- 


duce a humidification efficiency of 
99.5% also rises with increasing air rate, 
g 
Whether or not this difference fibers, depth of filter, and decrease 
in humidification efficiency is com- jn fiber 
DISCUSSION 
T. Kamo, Denver, Colo.: Has any research Avurnor Fimst: No, these experiments were 
been incorporated using a wetting agent in the done with single cells to keep the system as 
water with the different media? simple as possible. If two cells are placed in 
as 
aut on that, but 1 belitce the affect would be ‘i true in other gas absorption equipment and 
to that ‘ Ge for other mass transfer processes of the same 
would result if, by adding a wetting agent to 
the water, the water spread more effectively and velocities tested? Is there any area ip 
over the packing material. If the packing © which a maximum of efficiency was achieved? 


Avrnor Finst: The data indicated that for a 
decreased 


creasing the water rate increases 
‘ was y w ect 

K. R. Gowpanp, Savannah, Ga.: Has any ex- the air velocity increased. The efficiency- 

perimental work been done with cascading velocity curves did not show an area of 

the cells to increase efficiency and perhaps maximum efficiency for air velocities ranging 
lower wet bulb temperature? from 150 fpm to approximately 600 fpm. 
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No. 1736 


Metastable State of Water 
in Relation to Heat Exchangers 


BURGESS H. JENNINGS 


Investigations were carried out in 
an effort to determine whether 
conditions associated with the 
metastable state might produce 
explosive actions of sufficient in- 
tensity to cause rupture of boiler 
walls or piping equipment. Evi- 
dence obtained rather strongly in- 
dicated that serious damage from 
this was highly: improbable, but 
under conceivable circumstances, 
not impossible. After a careful 
search of the literature, a number 
of experiments were carried out. 
This investigation which was 
started at the request of the Tech- 
nical Advisory Committee on Hot 
Water and Steam Heating* took 
place at Northwestern University 
as a cooperative research investi- 
gation sponsored by ASHRAE. 
is professor of Mechanical 
Engineering, orthwestern University, and 
of the ASHRAE Research 
prepared for 
presentation at the iannual Meet- 


paper was 
ASHRAE 
Ill., February 13-16, 1961. 


GENERAL PATTERN 

OF METASTABILITY 
Tables of the properties of fluids 
have been prepared for almost all 
of the substances in common use, 
such as water-steam, refrigerants, 
many hydrocarbons and other or- 
ganic liquids. Such properties 
always indicate the temperature- 
pressure (t-p) relationships which 
indicate equilibrium saturation 
conditions. For example, with 
water-steam (H,O), appropriate ta- 
bles of the properties of steam 
(Ref. 1) that at 14.696 
- pressure, a temperature of 212 
must be reached before boiling 


takes place. The term boiling, as 
used here, means the orderly phase 
change associated with a liquid 
tran ing into vapor (or the re- 


*John W. James, Chairman 
C. Day 


H. C. H. A. Lockhart 
W. S. Harris M. W. McRae 
L. N. Hunter S. K. Smith 

A. T. Jones Benjamin Spieth 
E. G. Keller M. H.W 
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verse of condensing into 
liquid). Similarly, at 100 “4 the 
boiling temperature is 327.8 F; at 
200 psi, 381.8F; and at 400 psi, 
444.6 F. The question, why these 
particular values might be raised 
and is it always true that for water- 
steam the values are invariant? 
Although these values are those of 
equilibrium and statistically prob- 
able, it is possible for aberrations 
from these normal values to exist. 
Moreover, when a fluid has de- 
viated from its equilibrium prop- 
erties in relation to phase change, 
it is not letely stable, and it 
has become pen a to speak of 
the fluid as existing in a state of 
metastability. 

It has long been 
that, although equilibrium condi- 
tions, as indicated above, are the 
most usual and relatively stable 
conditions, it is possible for water 
to exist in other confi ions. 
This is true not only with the phase 
change relating to evaporation but 
also with the change which 
occurs when a liquid solidifies. 

For example, it is not difficult 
to chill water carefully to tem- 

tures below 32 F without the 
ormation of ice. Normally, when 
heat is abstracted from water which 
has reached 32F in temperature, 
ice starts to form and further heat 
extraction results in the formation 
of more and more ice, with the 
remaining at 32F, 
until all of the liquid has turned 


into solid after which, if further 
heat is abstracted, the temperature 
of the solid then falls, with cooling 
occurring in the solid phase. 
Sometimes, however, if the 
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heat abstraction takes place rather 
slowly and quietly, the liquid, on 
cooling to 32F does not change 
as further heat is abstracted, 

t readily drops in temperature 
to values as low as 24F; even 


ice crystals form throughout the 
mixture, and the temperature im- 
mediately rises to 
mal freezing again taki , 
Even orced 
takes place in the subcooled water, 
usually at about 8 to 12 deg below 
32F unstable state rectifies it- 
self, the mixture forms ice crystals 
and moves back to equilibrium or 
to what might be considered the 
most stable form. 

This condition of metastabil- 
ity, in relation to the phase change 
from liquid to vapor, occurs in 
somewhat similar fashion because, 
if gas-free water in a smooth-sur- 
face vessel is quietly heated, it is 
possible to raise the temperature 
of the water far above the normal 
equilibrium pressure and tempera- 
ture. That is, in an open vessel, 
water (at 14.7 psi) reaching the 
212 F temperature will normally 
boil, but occasionally it may stop 
boiling and rise in temperature 
or 3 deg above 212F, which 
stabilization will occur; and tem- 
perature drops back to 212 F. 

If care to add heat at a uni- 
form and slow rate is exercised, 
the same pattern applies, but tem- 
perature increases of 12 to 15F 
above equilibrium occur before re- 
adjustment. This phenomenon can 


reaching 20F. If, however, this : 

liquid, subcooled below 32F, is a 

disturbed by stirring or other 2% 

shock, the metastable state is upset, i 

4 

| 


that not be appli- 


cable to engineering operations. 
of bubble forma- 


well as the other factors of phase 


change. Surface tension na 


turally 

resists the bubble formation and 

is thus important in the sal 
tion 


process. 

inside of a bubble tis 
developed 


where A resents the pressure 
that inside of 
a bubble and that outside of the 
bubble in contiguous superheated 
; and r is the radius of 

the bubble. With quite small bub- 
bles where r is only a micron or so, 
calculation will show that the pres- 
sure differential can a a 
values reaching to 
Surface tension decreases 
creasing temperature of the flui 
and reaches a value of zero at the 
critical temperature. 

These comments are not in- 
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. Fig. 1 Water boiling in flask under normal conditions (left). 

Metastable boiling of gas-free water (right) 

; be observed with ordinary glass most thermodynamics texts* and in 
or metal vessels, provided they treatises on physics. In simple form 
have smooth walls. Using water it appears thus: 

in a capillary tube, Kenrick, et al, 2s 

ee (Ref. 3) were able to heat water to Ap = — 

; a metastable temperature of 518 F J 

: at atmospheric pressure. The work 

: lem which is _— related to 

. surface tension of liquid, as 
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tended to create the impression 
that boiling a liquid is a difficult 
lem, because it is not the case. 
evertheless, if it were not for a 
number of ting features, 
the boiling process would be much 
less satisfactory in equipment than 
we find it to be. As has been men- 
tioned, boiling is helped by dis- 
solved gases, and by the convec- 
tion currents, which in connection 
with surface roughness can alter 
flow to the t of making boiling 
less difficult. During the boiling 
some t (metasta- 

ity) always exists in the liquid. 
to boiling is the 
problem of effervescence in liquids 
which are saturated or supersatu- 
rated with gas. This condition exists 
in carbonated es, where it 
can easily be observed that if the 
bottle containing the beverage is 


vigorously shaken, a rapid and in- 
tense release of the gas from solu- 


tion takes 


place. This is similar to 
what 


when bubbles form 
ina liquid, for, in this 
case , the generation of bub- 
bles is accelerated whenever the 
body of the liquid is disturbed. 
EXPERIMENTATION IN 
GLASS VESSELS 

The first of the investigation 
involved laboratory studies de- 
signed to see how readily the me- 
tastable state could be produced. 
A series of experiments was started 
with the work being done com- 
pletely in glass. As has been men- 
tioned, in ordinary boiling the 
process is greatly helped by gases 
dissolved in the water, and it is 
also aided by surface roughness of 
the vessel which contains the water. 
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Chemists, for example, often 

~ glass beads in the bottom of a 

aker undergoing — for this 
practice promotes 
ing. A conclusion from this would 
be that both the rough surface of 
the beads and bubble nuclei on the 
surface of the beads act to promote 
bubble formation and smoother 
boiling. It is true almost without 
question that bubble nuclei adhere 
to the surface of such beads, exist- 
ing in the form of adsorbed gas. 
There is, however, strong doubt 
that beads or other objects, be- 
cause of surface effects or rounded 
points, contribute to bubble forma- 
tion. etn it is possible to ob- 
serve s ints, broken 
lying in the of a 
and to note that there is more evi- 
dence of bubbles being 


are completely boiled out to the 
point being essentially de- 
assed, apparently are not 
particulary as bubble in- 

ucers. It is in another way that 
the beads serve in the formation 
of bubbles, because ated 
(metastable) water has difficulty 
maintaining its su ted or 
metastable condition if the water 
is agitated as by continual stirring 
or rapid motion. In an assemblage 
of beads in the bottom of a beaker, 
it is true that thermally-actuated 
convection currents are necessarily 
active, and the scrubbing or con- 
vective action of the currents over 
the surface of the beads acts to 
cause bubble formation from the 
resulting turbulence. 


smoother surfaces of glass 4 
than at the points. = 

If such broken glass or beads a 

| 

Ag 


In carrying out early testing, 
distilled water was put into Erlen- 
meyer flasks and boiled for a long 
enough 

ter portion of dissolv 
a in the water. The only diffi- 
culty encountered was to prevent 
all the water boiling away before 
the gases had been removed. After 
some trials, it was possible to ac- 
complish this, and an almost com- 
pletely degassed water was ob- 
tained. When the rate of heating 
the water was then greatly re- 
duced, boiling in normal fashion 
would stop and the condition of 
metastable boiling which is also 
known as boiling with bumping 
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the water no longer boils at equi- 
librium temperature but tends to 
tise a few above equilib- 
rium. Following the temperature 
rise, a readjustment takes place 
and vapor se with sufficient 
violence to jar the container and 
create an audible sound, which 
explains the name attributed to 
this type of boiling. 
Considering normal atmos- 
aye boiling temperature of 212 
, it is possible, in an open flask of 
this type, using a Bunsen burner, 
to reach metastable temperatures 
as high as 218-220 F. This appeared 
to be the top limit which could be 
reached in a simple trial of this 
type using a Bunsen flame in an 
open room. 


a Flask of water boiling under metastable conditions, using 


ide radiant heating 
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Fig. 1 is a picture of two 
Erlenmeyer flasks operating under 
similar conditions. At the left, wa- 
ter is shown being heated and 
boiled in normal fashion. This in- 
volves ebullition in the true sense 
of the word; that is, a number of 
bubbles move throughout the mix- 
ture, steam is released at the upper 
surface and out to the top 
of the flask. At the right, metas- 
table boiling is taking place. This 
involves a ing action in the 

uid, and the liquid appears to 
around. no bubbles 
are present, and steam leaves the 
water surface in limited amounts. 

Following the tests with dis- 
tilled water, a number of similar 
tests were made using ordinary 
city tap water, as there was doubt 
whether tap water with 100 to 200 
parts per million of solids in solu- 
tion, and possibly more gas also in 
solution, would behave in a fashion 
similar to distilled water.. The in- 
vestigations showed that city tap 
water behaved in almost the same 
manner as distilled water and, in a 
superficial way, showed the same 
limits of metastable temperature 
rise. 

The third step in this program 
with glass was to set up a more 
carefully controlled environment 
for heating in order to find out 
what limit of metastable tempera- 
ture rise might be reached. For 
this purpose, a circular well- 

structure some 6 in. high was built, 
into which the flask could be 
placed, and inside this a 
number of radiant electric eaters 
were inserted. The character of 
the enclosure and the heaters can 


be seen in Fig. 2, with a flask in 
For this part of the investiga- 
tion, a flask, partially filled with 
degassed water and at boiling tem- 
perature, was moved into the con- 
tainer and subjected to continued 
heating from the radiant electric 
heaters. Using these, the controlled 
heat in rhage entered from the 
the 


sides Without much 
difficulty tures as high as 
228 F could be free 
atmospheric conditions. Thi 
resents a 16 F metastable 
ture rise over normal boiling tem- 
perature. At these higher tempera- 
tures, it became increasingly evi- 
dent that the return to ilibrium, 
when it occurred, was usually vio- 
lent. 

Moreover, some event was 
usually needed to trigger the re- 
turn to equilibrium; and having 
learned this, a better basis of test 
control was established. For exam- 
ple, if metastability were present, 
when the water was stirred by a 
thermometer to take a temperature 
reading, the metastable state would 
be immediately upset. It was found 
that such stirring was inadvisable, 
as a scalding jet of water shot from 
the the return to 
rium lace. Consequently, 
two other mates were used to 
trigger the return to equilibrium. 
The first was to stir the water with 
a hooked wire when the upset was 
desired, and the second was to 
drop a small pellet into the flask 
to cause the same result. 

Fig. 3 shows what can happen 
when this return to equilibrium 


occurs. This is a synchronized 
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Fig. 3 Triggered explosions 
of metastable water from a 
flask surrounded by radiant 
heaters 


ph, which followed the 

ing of a pellet in the flask 
when the water temperature was 
at approximately 227 F. The water 
in flask re-established equilib- 
rium with great violence, formin 
steam and throwing water an 
steam upward about 5 ft, suffi- 
ciently high to wet the ceiling of 
a 9-ft room. Al it was diffi- 
cult to photo this result 
clearly, the streaks indicating the 
water and steam being expressed 
to the ceiling are ly visible in 


the photograph. 


TRIALS IN PRESSURE 
VESSELS 


The next phase was to investigate 
metastability in closed metal ves- 
sels at greater than atmospheric 
pressures. Here the problem of de- 
gassing the water and of having 

metastable state exist with wa- 
ter contacting rough-surface metal 
walls exi A small bomb-like 
device was constructed for this. 
See Fig. 4. It consists of a length 
of 6-in. pipe oases at one end 
and ided with a flanged con- 
nection on the other end. Into the 
flange head a dia device 
was prepared to pressure 
surges and a mercury manometer 
was connected. A Bunsen burner 


heated the liquid contents through 
the container walls of the vessel, a 
bare thermometer also dipped into 
the liquid contents, and arrange- 
ments for filling and emptying 
tank with appropriate valves and 
tubing were also provided. 

In operation, the tank was 
essentially filled with previously 
degassed water which was heated 


4 
a 


and further by venting 
off air and steam from the con- 
tainer. A small amount of make-up 
water was added to replace the 
amount which had been boiled off 
and the process repeated several 
times until it was felt reasonably 
certain that the liquid in the vessel 
was essentially gas-free. At this 

t a metastable investigation 
could be started, and when water 
almost completely filled the cham- 
ber, the liquid was heated to a 
temperature of approximately 240 
F; heating was then stopped. The 
temperature of the water and the 
pressure indicated by the mercury 
manometer were both carefully 
noted. 

Cooling of the uninsulated 
chamber immediately set in, and 
the question at hand was whether 
a metastable condition existed in 
the chamber. Corresponding read- 
ings of pressure and temperature 
showed deviations from equilib- 
rium which were not particularly 
different, and cooling and pressure 
drop occurred at a slow rate. It 
was noted that the attached mer- 
cury column instead of dropping 
uniformly would sometimes under- 
go an oscillation and then continue 
its uniform descent. While re- 
searchers wondered what caused 
this oscillation, the pipe was in- 
advertently jostled: it was noted 
that an abrupt and sharp oscilla- 
tion in the mercury column took 
place. 

Further investigation showed 
that during the cooling process if 
the vessel were sharply struck by 
an object, such as a block of wood 
or hammer, an oscillation in the 


Pressure vessel em- 
in metastable water 


mercury column nearly always fol- 
lowed. However, once the oscilla- 
tion had occurred, goer the ves- 
sel a second time produced no 
effect; that is, apparently a me- 
tastable state existed in the 


vessel showed no pressure surge 
effect. 

This phenomenon was easily 
reproducible and all that was re- 
quired was gas-free water and a 
— process of the type de- 
scribed. The amount of water in 
the tank was found not to be criti- 
cal, but a vapor space was alwa 
provided. Actually, the fuller the 
tank the more violent the shock 
effect, the extent of which, meas- 
ured by the mercury manometer, 
was only 2 to 5 in. of mercury in 
magnitude. Shock effect (short- 
time pressure peak) from a metas- 
table state to equilibrium is of 

eater magnitude than this, but 
or the low temperature differences 
involved, the resultant pressure 
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| 
ployed 
[ 
uring the cooling process which, ; 
disturbed by the dite brought 
the system immediately to equilib- : 
rium, and equilibrium having been 
established, further striking of the i 
4 


126 
surge will probably always be 
smal] 


Consequently, the pressure 
diaphragm which had been placed 
on the flange was not usable, as its 
stiffness ratio had been set for sig- 
nificant deflection in a range for 
pressure differences of 25 psi or 
more. Note that either distilled or 
tap water could be used inter- 
changeably in the pressure vessel 
and that the same type of results 
were obtained. Thus, there was no 
evidence that material in solution 
in the water prevents the condition 
of metastability. 

In sum , this vessel had 
shown data of the following type: 

Warming at 240.0 F at 51.0 in. 
Hg (essential equilibrium) 

Cooling in 236.0F at 46.1 in 
Hg (1.2 in. unbalance indicated) 

Striking the vessel in the range 
of 236 F distinct oscilla- 
tions of the mercury columns 
reaching about 2.5 in. per leg from 
the undisturbed state 

Striking the vessel immediately 
after such a readjustment showed 
trivial oscillations, about 0.3 in. per 


leg max 

Oscillations in reducing mag- 
nitude (i.e. less than 2.5 in. per leg) 
as the temperatures fell toward 212 
F and the vessel was struck 

Mild oscillations in the sub- 
atmospheric ion continued to 
some 190 F (about 0.2 in. per leg) 

Manometer oscillation from 
straight mechanical shock with 
cold water in the vessel were 
hardly noticeable and the move- 
ment was 0.1 in. per leg or less 

The results of this work were 
sufficiently encouraging for the 
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existence of the metasable state, 
to indicate that further work should 
be carried out. The vessel de- 
scribed, because of its limited liq- 
uid volume, the high heat capacity 
of its walls and necessity of 
redesigning its temperature-pres- 
sure measuring system if precise 
indications were to be obtained, 
was redesigned for continuing the 
investigation. 

Because a somewhat practical 
device was desired, an ordinary 30- 
gal galvanized-iron, hot-water do- 
mestic service boiler, provided 
with pressure taps, filling and vent- 
ing devices, an electric heater, and 
with essentially the same items 
that were provided for the original 
pressure b, was used. Pre- 
viously degassed water filled the 
tank, and there was great care to 
further degas the water in order 
to produce the proper environment 
for metastability. 

. The unfortunate fact is that 
metastability could not be found to 
exist. This conclusion was reached 
only after three months of inter- 
mittent testing, in which every 
conceivable means was tried in an 
effort to show the existence of 
metastability. Whether the rela- 
tively rough inside surface of the 
metal resisted degas- 
sing so effectively that metastabil- 
ity could not occur, or whether 
some other condition prevented its 
appearance, the fact remains that 
it was not possible to show any 
evidence of the phenomenon. Con- 
sequently, with some regret, the 
test on this tank was discontinued 
and another design was planned 
and made. 
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Rough surface was suspected 
to be a significant factor, so the 
next step involved a structure built 
from a smooth-walled material. 
For this purpose a vertically 
mounted piece of 4 in. ID brass 

ipe was selected. This was 36 in. 
04 and the ends were closed by 
brazing a %-in. brass plate to ea 
end. 

Heating was produced by a 
25-watt electric heater screwed 
into the tank through a tapped 
opening in the bottom plate. The 
heating rate was controlled by 
varying the heater voltage with a 
variac. The tank was equipped 
with a thermometer well, sight 
glass, manometer pressure connec- 
tion, and with a -in. pipe outlet 
at the top, which ran to a surge 
or air-venting vessel. Connection 
to the air-vent outlet was by a 
rubber hose fixed to a water-cooled 
glass condenser. The outlet of the 
condenser connected to a %-in. 
copper tube about 20-ft long, the 
far end of which dipped into the 
glass bottle that served as a surge 


In operation, the tank was 
filled with degassed water, and 
this water was then boiled by the 
electric heater in the tube vessel. 
Steam and gases from the water 
passed up through the condenser 
where nearly all of the steam con- 
densed, and any steam that was 
not condensed passed through the 
copper tube finally to condense in 
the water of the surge tank. 

The prime requirement was to 
provide water as gas-free as pos- 
sible, and the arrangement de- 
scribed forced the steam rising 
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from the water surface to reverse 
its direction until it passed through 
the condenser. It was felt that air 
entrained in the water would 
jargely be driven off by continuous 
boiling. Passing through the con- 
denser, the steam was partially 
condensed, the condensate ran 
back by gravity, while the remain- 
ing air and steam was forced into 
the surge tank to bubble through 
the water in it. 

After a long period of boiling, 
to insure that essentially all of the 

ases in solution had been re- 
moved, all valves on the tank were 
closed; and the contained water 
was heated until the pressure 
reached 50 in. of mercury. This 
value was used because it corre- 
sponded to the max range of the 
attached manometer. When the 
pressure was reached, the heater 
was turned off and the pressure 
lowered in the tank several ways. 

The first method consisted of 
opening a small needle valve con- 
nected to the tank, to allow steam 
to escape to reduce the pressure 
gradually to atmospheric. Next the 
tank transferred heat to the sur- 
rounding air and thereby cooled. 
Another was to cool the tank with 
forced convection generated by an 
electric fan blowing on the tank. 
The final method was suddenly to 
pour water over the outside of the 
tank. This produced quick conden- 
sation and pressure unbalance be- 
yond metastable effects. 

Each method caused a condi- 
tion which was interpreted as me- 
tastable, evident from the sudden 
surge of in the manome- 
ter, which occurred when the wa- 
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sure (14.7 psi) 


ter reverted to equilibrium and 
produced a sudden rise in pres- 
sure as the unbalance corrected it- 
self. It was also found that, in the 
case of the tank slowly cooling, if 
the outside were ta sy the me- 
tastable state would. disturbed 
and a surge of pressure, amount- 
ing to a total of 8 in. of mercury, 
appeared in the manometer. 
When the tank was allowed to 
cool, without being struck exter- 
nally, the manometer would e 
periodically indicating that 
coolin ocess was not a continu- 
ous line of equilibrium states but 
rather an alternation of metastable 
and equilibrium states as the cool- 


ing proceeded. The pressure rises 
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observed under normal cooling 
without w were approximate 
half as whieh 
curred when the tank was struck. 
Runs were made with the wa- 
ter level in the tank at different 
positions, from almost full to 50 
per cent vapor space by volume. 
Magnitude and intensity of the 
surges were not altered in relation 
to the amount of water in the tank. 
Magnitudes of the surges are 
thought to be higher than indi- 
cated on the mercury manometer, 
but it is doubtful that they are 
greatly in excess of those indicated. 
Considering the smallness of the 
metastability surge, it was not felt 


necessary to develop a a 
sure, precision-diaphragm pick-up 
for the pressure measurement. 
METASTABLE CALCULATIONS 
A study of energy conditions in 
metastable water can be readily 
made with the help of the steam 
tables, and the results of such a 
study are shown in Fig. 5. This 
figure is set up for atmospheric 

ure and on the assumption 
that the specific heat of super- 
heated water is not seriously dif- 
ferent from saturated water in the 
same temperature range. The sur- 
plus energy of superheated water 
over that of saturated water at the 
same pressure has heen plotted. 
Thus, at 212 F, equilibrium exists, 
and no surplus energy is indicated. 
If, on the other hand, the water 
when heated to 220F remains as 
a liquid, it will have picked up 8.0 
Btu/Ib or approximately 6300 ft-Ib 
of excess energy. Similar values 
appear on the chart for higher 
temperatures. 


| Fig. 5 Surplus energy and 
7 excess volume as related to 
equilibrium for metastable 
water at atmospheric pres- 
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When metastable water at 
a 200F temperature is triggered, 
and it flashes to water and steam 
at equilibrium temperature (212 F), 
the lus en serves two 
phase or provide the internal la- 
tent heat for the vaporizing por- 
tion of the water; second, to per- 
form the external work required 
as the vaporized water reaches its 
equilibrium volume. 

For example, at 220F, water 
at atmospheric in flashing 
would increase in volume by 0.022 
cu ft/lb, assuming the volume in- 
crease to take place at atmospheric 
pressure. The external work, as 
the medium e ds, amounts to 
47 ft-Ib/Ib. This value in one sense 
is a measure of the work produced 
in readjustment from the metasta- 
ble condition. However, it does 
not truly measure the work func- 
tion, and for this it is bet- 
ter to make use of the so-called 
availability function: 


AB= (Es + pov: — To Ss) — 
+ pov, — To Si) 


use is explained in 
advanced thermod ics books 
such as Ref. 5 and Ref. 6; and if 
this function is evaluated for the 
same conditions, it is found that 
the max useful work, derivable 
from this change of state, amounts 
to some 39 ft-lb/Ib. Although this 
numerical illustration was worked 
out for atmospheric pressure con- 
ditions, similar patterns would ap- 
ply for higher pressure levels. 
In terms of energy relations 
for water and steam, these work 


this type. Its 


values are relatively small and lead 
one to believe that the resultant 
energy releases under metastable 
return to equilibrium are also small, 
so that the pressure rise in a re- 
stricted system would not be of 
great magnitude. However, if ex- 
ceptionally high metastable tem- 
peratures did occur, the conditions 
would be quite different, as the re- 
establishment of equilibrium could 
induce a severe pressure rise or 
surge followed by readjustment to 
a final equilibrium pressure higher 
than the initial metastable pres- 
sure. 

Consequently, it is not - 
cult to imagine pales under 
which a steam boiler or a water 
heater could operate for a suffi- 
ciently long period that the re- 
sultant water could be almost 
completely degassed; and if the 
same degassed condition were true 
for the boiler surfaces, true metas- 
tability might arise. If the metas- 
table temperature spread were 
large, a significant shock could 
occur. However, the experimental 
realization of such conditions is so 
difficult as to indicate that a metas- 
table explosion in severe form is 


highly improbable. 


CONCLUSIONS 

Two things are evident from these 
tests. First, in normal cooling, the 
metastable temperature was never 
many degrees away from that cor- 
responding to pressure equilib- 
rium; second, the magnitude of the 
shock is relatively small, probably 
in every case less than 5 psi. 

The reason for this investiga- 
tion was to determine whether me- 
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tastability created a danger or haz- 
ard in the of equi 

For the ing reasons it does 
not: 


1. Most actual installations 
contain so much in solution 
in the water that the requirements 
for serious metastability are not 


present. 
2. With rough surfaces, 
we were unable to show the pres- 


ence of metastability. 

3. The magnitudes of the 
pressure changes that we ue or 
enced were in general below those 
that would be expected to lead to 


ure. 
However, on the other side of 


the question, it must be stated that 
pressure can be caused by 
metastability; and it is possible to 
imagine a set of circumstances 
under which such pressure pulses 
could be severe enough to cause 


the 

author has been unable 
so far to find an authenticated case 
of ru of a steam (hot-water) 
boiler produced by metastability, 
and this is also true for pressure 
vessels containing other fluids. 
However, reports that certain sys- 
tems do show strong symptoms of 
metastability have come to our 
attention. 

In one instance, under certain 
conditions, during the start-up pe- 
riod an evaporator which presuma- 
bly contained only liquid am- 
monia, oil and ammonia vapor fre- 
quently was subjected to what 
peared to be a violent shudder. “he 
this time the evaporator was vi- 
brating, and the pipes connected 
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to it were violently disturbed. 

Similar phenomena have been 
reported for some of the high- 
vacuum, water-salt refrigeration 
systems on start-up after a period 
on opera- 
tion which any 
have been vented or ed from 
the system, and tube surfaces had 
the opportunity of becoming rela- 
tively smooth or coated. 

Time can be a factor in the 
metastability phenomenon, espe- 
cially when a liquid close to its 
saturated condition is suddenly 
allowed to expand and the conse- 
quent formation of vapor is neces- 


sary. A number of ——— 
investigators (Refs. 7, 8, and 11) 
have conclusively confirmed that 


the amount of vapor which may 
be formed is not amount that 
would be predicted by equilibrium 


thermodynamic theory, from which 
it can be deduced that a liquid 
core in the flow stream remains in 
metastable condition while the re- 
mainder of the stream undergoes 
the conventional partial vaporiza- 
tion we have come to expect. 
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DISCUSSION 

W. Brown, Lexington, Ky.: In one paper T. Hamilton, Canada: Has any 
dealing with a specific acid, the authors were rela been observed between the rate 
working with liquid ether; they first boiled of heat, the rate of firing or rate of generating 
the ether for some time, not only to degas the heat and the source of heat relative to the 
liquid but to remove the vapor. They then volume of the container which was used? It 
cooled the liquid below the boiling tempera- would seem likely that there would be some 
ture and increased the rate of energy supply difference in observation between one state 
manner it was to achieve a super 
of about 200 F in the liquid, until it reached AUTHOR JENNINGS: currents will 
a point where a violent explosion occurred. dissipate metastability. No matter what char- 
The diameter of the tube is not known, but acter the vessel has at the working surface, if 
it probably was a small beaker. Another con- 
dition surface extremely active localized superheat occurs, 

metastability will be broken up. Therefore, in 


EF 
oth 


the container being heated or cooled and 
remove the 


and Steam Heating and recom- 4 
mended many of the ee a 
patterns which were followed. 2 
1. J. H. Keenan and F. G. Keyes, Thermo- Through Orifices and Pipes, Trans. Northeast De 
dynamic Properties of Steam, John Wiley and ©°8t Institute Engineers and Shipbuilders, ie 
s. New York. 1936. Vol. 53, 1936-7, p. 65. Kea 
order. to get metasta > me ae 
' that heat comes into the surface should be ce 
Avurnor Jennincs: That is metastability, un- lowered so that the convection activity is oh 
questionably. The diameter of the tube is an broken up to a point where no metastability = 
important factor here. occurs. This is true in connection with either oe 
large or small containers. x 
R. G. Raney, Columbus, Ohio: On the basis of ee 
experiments carried out, it was found that 
absolutely pure liquids can be superheated a 
considerably; in some tests a liquid super- Sub 
heated from 80-100 F. However, if a non- ie 
condensable gas was dissolved in the liquid, ae 
then it would boil at the correct temperature. 
The capillary tubes used had an inside rs 
diameter of 15/1000 in. ch 
Tests were also run in glass tubing with apa 
a diameter of 1/10 in. On this type of appli- a 
cation it was found that if there is a non- in 
there, it is possible to boil at the correct the! i 


ASHRAE TRANSACTIONS 
4 unos: Priming and this refrigera- results. In the 
of lia occurs and no visible 
and the pressure at a 5 to 10 deg tem- = 
t What happens in those rf 
re is a certain effect due 
| This, in sense, is the metastabi 
i boiler explosion should not be ref surface which also contri- : 
~- of bility; , when air is present, that ‘ 
enormous mass of liquid and 
tube fails, the own; the refrigerant laws 
in the lic ie basis of liquid flow. 
somewhere. However, it is 
appear as this problem also been 
tability caused explos ection with salt solutions, ia 
C. M. Syracuse, N. Y.: A 
tests has been run at low tempe boiled. For example, this 
marily with water, both in fr ond be nithough 
q evaporation, and even under dyn e of ee 
tions metastability would be pre Se 
invariably, provided that there wa found necessary to 
the material. If there is an airfree to be sure of avoiding 
water under freezing conditions, be 
& 
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Flow and Heat Exchange Characteristics 
of Finned Tube Exchangers 


B. GEBHART 


Heat transfer and friction loss char- 
acteristics of a surface are deter- 
mined by the exact nature of the 
flow process over the surface. There 
are two basically different kinds of 
flow possible near the surface =? 
solid, ted and 

fiow. In unseparated flow  fuid 
moves to the surface and 
high velocities are found quite 
close to the surface. In separated 
flow the region of well ordered flow 
is remo from the surface, and 
intervening space is filled with a 
fluid of varying velocity moving 
about in a complicated way. 

U flow occurs, for 
example, on a flat plate placed in 
a at zero of attack. 
Both and ted 
flow are found on blunt es, 


heat transfer on surfaces having 
regions of separation have indi- 
cated that heat transfer rates are 
not vastly different for separated 
and ted ions of the 
surface.’ Heat transfer rates for a 
long cylinder and for a plate at 
zero angle of attack are essentially 
equal for ordinary fluid velocities, 
if heat transfer areas are the same 
per ft of if 7D = 2L. 

The principal effect of separa- 
tion is to cause flow losses. Separa- 
tion produces a region of low pres- 
sure on the back side of the surface 
and results in a high form drag. 
Total drag, which is an indication 
of flow losses, is the sum of fric- 
tional and form drag. For a cylin- 
der and typical flow conditions in 
air, the form drag is over 90% of 
the total. For a zero angle of at- 
tack plate there is no form drag; 
all flow losses are due to frictional 
forces. Therefore, cylinder flow 
losses are of the order of ten times 
as great as those of the plate with 
the same area per ft of span. 


— 
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he such as a cylinder or plate normal - 
to the flow. 
a Various measurements of local a 
ie B. Gebhart is Associate Professor of Mechani- ie 
cal Engineering, Cornell University. This 
ha paper has been prepared for presentation at ee 
the ASHRAE Semiannual Meeting, Chicago, 
Ill., February 13-16, 1961. i= 
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Comparisons of relative heat 
transfer and flow losses demonstrate 
that tion is an undesirable 
eff. i flow losses are important. 
The point of view taken in this 
work is that high heat transfer rates 
and low flow losses are both im- 


Effects of fluid tion indi- 
cate a need for a quantity which 
combines heat transfer and flow 
loss characteristics of a surface into 
a single parameter. A number of 
methods have been introduced in 
the past to permit such compari- 
sons. See, for example, the discus- 
sion in Ref. (2). However, since 
these parameters do not combine 
the heat transfer and friction loss 
characteristics in a simple, direct 
way, a quantity called “effective- 
ness ratio” was defined. 

The effectiveness ratio is heat 
transfer effectiveness divided by 
flow loss effectiveness. Heat trans- 


TABLE |. EFFECTIVENESS RATIO 

FOR THE FLOW OF AIR OVER 

ISOTHERMAL SURFACES OF 
VARIOUS GEOMETRIES 


Surface N Flow Condition 
Flat Plate at 0.63 Laminar Boundary Layer 
tero angle of 
incidence 

0.63 Turbulent 
Turbulent Flow All Reynolds numbers 
inside atube 0.70 

Flow normal 0.141 Nee 100 
to a cylinder 

0.072 = 1,000 

0.018 == 10,000 


fer effectiveness, ex, is the amount 
of heat transferred divided the 
max amount that an i ex- 
changer would transfer, given the 
finid temperatures. 

U. A Ata 

m Atm 


The flow loss effectiveness, ex, is 
defined as the flow energy dissipa- 
tion rate divided by kinetic 
energy of the fluid streams. In this 
study of air flow over finned tubes, 
eg is based upon air side losses 
alone. 


Ap: 


2g. 


The effectivenesses are dimension- 
less, as is their ratio N, the effec- 
tiveness ratio. 


N= 
en 


The effectiveness ratio depends 
upon the heat exchanger geometry 
and, in general, is a function of the 
fluid flow Reynolds number and the 
fluid Prandtl number. 

It ap to be a good indi- 
cator of the desirability of a geo- 
metric arrangement. Streamlined 
surfaces generally have small sepa- 
rated regions and, therefore, high 
values of N. Blunt or bluff bodies 
have large separation regions and 
small values of N, as shown in 
Table I. These values are based 
upon actual heat transfer and pres- 
sure drop information obtained 
from standard references. The flat 
plate at zero angle of attack is a 
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streamlined form and causes no 
tion at all. Turbulent flow 
inside a tube has no separation. 
Values for a circular cylinder are 
much lower, due to separation. 
Similar calculations, based on 
the performance of several types 
of deformed and relieved fin coils, 
show that the effectiveness ratio 
is also a sensitive indication of 
the flow pattern over this oS 
exchange surface. A flat fin has a 
relatively low N, undoubtedly be- 
cause a portion of the fin surface 
contributes only friction losses. 
Slots in the fin do not cause impor- 
tant tion and a high value of 
N is found. Rippling of the fin 
would be expected to cause sepa- 
ration and results in a low value 
of N. 


VISUALIZATION OF FLOW 
PATTERNS OVER FINNED 
TUBE EXCHANGERS 


Since the nature of the flow pattern 
over a heat transfer surface is of 
crucial importance in determining 
relative heat transfer and flow loss 
characteristics, a study of the flow 
pattern was first carried out. Mod- 
els were studied in a visualization 
tunnel by using smoke filaments. 
This technique is especially suited 
for determining flow separation. 
Models of finned tube coils 
were made: (Fig. 1). These studies 
were designed to show whether 
flow tion on the fin causes 
deformed fins Pn the rippled 
to be poorer fins relieved 
slotting. Models of the pa 


(slotted) and the poor (rippled) 
deformed fins were built and 


studied for evidence of separation 


and layer relief. The 
upper two fins in the model shown 
were flat Lucite; the fin under study 
was put in the third position. 

Visual observations with smoke 

filaments indicated that the flat and 
slotted fins produce no separation 
and that the rippled fin has exten- 
sive separation behind every sharp 
corner. The various smoke obser- 
vations may be summarized as fol- 
lows: 

(1) Back half of the tubes were 
always ated flow. 

(2) Fin surface in the wake of 
the tube is an area of high 
turbulence. 

(3) Flow over all other flat fin 
surfaces is smooth and un- 
separated. 

(4) Separation occurs over all 

corners. 


CONSIDERATIONS IN 
DESIGNING RELIEVED FINS 
The preceding sections indicate ob- 
servations and arguments in which 
the point of view adopted was that 
a good deformed fin design is one 
which maximizes the effectiveness 
ratio. Although a large value of 
N indicates cally high heat 
transfer with low pressure loss, it 
may also imply certain other things 
as well, for example, that unsepa- 
rated flow produces little noise. 

ation and consequent vortex 
and turbulence production result 
in greater noise. 

The builder of the exchange 
surface is vitally concerned with 
many aspects of extended surface 
which have nothing directly to do 
with effectiveness ratio (for exam- 
ple, low material cost, simple con- 
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struction, and low maintenance). 
However, since decisions on the 
relative importance of such factors 
are necessary to obtain a truly op- 
timum practical design in each par- 
ticular circumstance, and because 
the relative weights of the various 
factors change from one case to 
another, a simpler point of view 
was adopted in this study. A high 
effectiveness ratio was sought using 
fin a which require no more 
material than the plain flat fin and 
which are as simple to assemble. 
Better fin shapes seemed possible 
and practical within these limita- 
tions. 


(a) 


finned coil 


(b) Ripp 
Tube diam 1.30 in. Fin 
width 3-1/3 in. 

Tube spacing 3-1/3 in. 
Fin thickness 1/64 in. 
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RELIEVED FIN DESIGNS 

AND TESTS 
Man icular fin types were 
pee The fins tested were 
desi to vide compact, low 
high heat rate 
surface. Separation was to be 
avoided. 

Coils having six different re- 
lieved fin designs were built, tested, 
and compared with the flat fin coil 
in the air velocity range from 200 
to 1000 fpm. Tests were carried 
out in the draw-through tunnel 
diagrammed in Fig. 2. The coil 

ifications and fin are 

in Fig. 11. The tube and fin 


H 
Fig. 1 Model fins and 
(a) Coil with slotted fin | ie 
in test position (b) & so 
2 


materials and methods of manu- 
facture and assembly were the 
same for all coils. 

Coil A is the flat fin against 
which were made. 
Coil B is the first relieved fin de- 
sign and is based upon chin 
reliefs in a flat’ fin. 
areas farthest from the tubes were 
removed. Slots and holes were pro- 
vided to interrupt the fin ‘canidlery 
layer. The fin requires only 75% as 
much material and has only 64% as 
much area as the plain flat fin. 

Coils A and B were tested in 
a low turbulence air stream at air 
velocities of 200, 400, 600 and 800 
fpm in the following six arrange- 
ments: 

A—Single flat fin coil 
B—Single relieved fin coil 


C—Two fiat fin coils in line, spac- 
ing 1 in. between coil centers 


D—Two relieved fin coils in line, 
spacing 1 in. between coil cen- 
ters 

E—Two fiat fin coils sta 
spacing 1 in. coil cen- 
ters 

F—Two relieved fin coils staggered, 


Fig. 2 
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spacing 1 in. between coil cen- 
ters 


Test Series A and B were a 
comparison of the two fins in a low 
turbulence stream. In Series C and 
D the disturbances produced by 
the first row tubes mainly encount- 
ers the second row tubes and in 
Series E and F mainly encounters 
the second row fins. 


The nature of the boundary 
layer relief and the results of the 
tests of the multi-row arrangements 
of Coils A and B suggested that the 
relieved fin would benefit from tur- 
bulence in the air stream. Since 
considerable turbulence is usually 
present in actual heat exchangers, 
the single relieved fin coil was 
tested at air velocities of 400, 600, 
800 and 1000 for two turbu- 
lence intensity levels. 

The draw-through tunnel was 
modified by placing several layers 
of fine mesh screen over the inlet 
and by locating a turbulence pro- 
ducer in the u section as 
indicated in Fig. 3a. The turbu- 
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curve for a grid 
spacing ratio (i.e., D/M) of 0.2 as 
established by Dryden’ and later 
investigators. There is some uncer- 
tainty in the use of these results in 
a different set-up, but the agree- 
ment of various imvestigators of 
turbulence decay once the pro- 
cedure. Compare with the unpub- 
lished results of Davis discussed by 
Sato and Sage.‘ Turbulence inten- 
sity, i, is defined as the root-mean- 
sq average of the turbulent dis- 
turbances expressed as a percent- 
age of the bulk velocity of the 
stream. 


The flat yd me 8 not re-run; it 
is expected t turbulence 
levels employed would have little 
effect on its performance.* Two 
series of tests were carried out for 
a single relieved fin coil. The first 
series, labelled B’, had a turbulence 
intensity of 5.0%; the second series, 
labelled B’, had an intensity of 
2.2%. 
Results of the tests outlined in 


the ing hs guided 
the Sesign of ‘additional re 
lieved fins. Each fin was designed 
to test a i effect. 


G, H, 


holes omitted. Fin H is fin G with 
the back holes omitted. Fin H was 
designed to test the postulate that, 
due to boundary layer build-up, the 
area between the tubes on the trail- 
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ossed rod 
dowelling 
The five designs, designated 
I. j, and K are pictured in 
Fig. 11. Fin G is merely fin B with 
the relief and forward 
intensities of the order of 6.0% produced 
change in the heat transfer it of only 
3% on a sphere. 
. 3 Turbulence g crossed 
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ing edge of the fin would have 
relatively low fluid friction and be 
an area of relatively high tempera- 
ture. The value of the forward 
holes was doubted, but the back 
holes were left in fin G to check 
the effect of boundary layer inter- 
ruption in the cylinder wake. 

The remaining three fin de- 
signs (I, J, and K) were different 
surface relief patterns applied to a 
fin with a slightly less pronounced 
leading edge relief. It was thought 
that the leading edge relief for B 
(and for G and H as well) was per- 
haps excessive and that some effec- 
tive heat transfer area had been 
removed. Compare leading edge 
dimensions for coil B and I in Fig. 
11. 

Coil I has the most boundary 


layer relief. A new boundary layer 
begins on the raised portion and on 
the fin surface behind the relief. 
In Coil J there is a single relief. 
The fin design for Coil K was an 
attempt to reduce flow losses by 
reducing flow separation behind 
the cylinder. It was that the 
raised tabs would direct flow in 
behind the cylinder and that re- 
duction in flow losses would more 
than offset the reduction in heat 
transfer which would result from 
eliminating the heat transfer area. 
Each of the five new fin 
(G, H, I, J, and K) were tested in 
a single coil arrangement in the 
draw-through tunnel at turbulence 
intensity levels of approximately 
2.2% and 5.0%. For 2.2% turbu- 
lence, each coil was tested at 200, 


Fig. 4 Intensity and scale of turbulence as 
a function of downstream distance for a 
crossed rod grid (from Dryden et al. NACA 


Report 581, 1937) 
i ZI 
1 
i 


- GUMSER OF SCREEN WESH 


139 

~ 
oO 
120 160 200 240 200 


140 


600 and 1000 fpm air and 
for 5.0% turbulence, at 600 fpm air 
velocity. 


RESULTS 
Coils and arrangements indicated 
in the ing section were tested 


under the various air velocity and 
turbulence conditions stated. For 
each test condition the coil per- 
formance was extrapolated to zero 
water side heat transfer resistance 
(i.e., “infinite” water velocity). This 
permitted a ison of behavior 
which did not include the effect of 
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the water side convection coeffi- 
cient. 

The quantity R, was extrapo- 
lated to obtain R’,. R, was based 
upon the same area for all coils, 
iie., the inside tube surface area. 
Calculations are outlined in the 
Appendix. 

For each test several runs were 
taken at different water velocities. 
The value of R, was calculated 
from the measured heat transfer 
rate and plotted against water side 
resistance R,, calculated from 
Equation 3 in the Appendix. The 
resulting curve shoul a straight 


\ 


\ 
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Fig. 5 Overall resistance vs water side re- 
: sistance series A & B (for single coil, fat and 
relieved fins) 
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line of slope 1.0 since: 


=1.0 


dRy 


The spread of the points from a 
straight line was extremely small, 
due, apparently, to excellent heat 
balances. The slopes of all the best 
fit curves are withi rewatae 
the average of their slopes, which 
was 1.05. See, for example, Fig. 
5. All curves were meta 
drawn at this slope. For some of 
the later tests, measurements were 
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taken for only one water flow rate, 
the highest which permitted suffi- 
ciently accurate measurement of 
water side temperature change. 
The flow loss characteristic for 
each air velocity and arrangement 
was calculated by methods out- 
lined in the Appendix. Values for 
various water velocities at a given 
air velocity were extrapolated to 
zero water side resistance. The 
curves had an approximate zero 
slope, as expected. See Fig. 6. 
Data for the low turbulence 
test of single coils A and B is plotted 
and extrapolated in Figs. 5 and 6. 


Fig. 6 Flow loss effectiveness vs 
water side resistance for Tests A & B 
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Number designations (Al, A2, etc.) 
indicate the ximate air veloc- 
level. The number is m 
to obtain the velocity in 
The extra values, R’, 
e's, the calculated values 
e’y and N’ are listed in Table II. 
value of eg is calculated from 
last quantity of Equation 4 of 
Results for the six 
ments A. B,C, D, E and F in Table 


, followed the 
row. Relieved fins behave in 
same way. This difference may be 


i 


higher than that of the flat fin b 
30° 30 and 20% for the single coil, 
in-line, and staggered arrange- 
ments. Had the resistance been 
based upon fin area, the relieved 
fin coils would have been better 
by 15, 15 and 25%. The writer feels, 
however, that a comparison should 
be made on the basis of tube sur- 


face. 

The foregoing discussion of the 
values of R’, applies also to the 
heat transfer effectiveness ec’, since 
it is determined directly from R’,. 

Flow loss of the relieved fin is 
much lower than that of the flat 
fin in all arrangements. Therefore, 
relieving has produced an unde- 
sirable effect upon resistance and 
a desirable effect flow losses. 
The effectiveness ratio, which shows 


. the net effect is plotted in Fig. 7 


for the single coil arrangements 
A and B. The decrease in flow 
loss does offset the increase in 
resistance. The flat fin is better in 
all arrangements, the difference 
being, 10, 5 and 5% for the single 
coil, in-line, and staggered arrange- 
ments. 

The sw ‘ormance of 
the flat fin in these tests is appar- 
ently due to two reasons. First, cal- 
culations indicate that a .008-in. fin 
thickness is close to optimum for 
the air velocity range studied. 
Therefore, fin edges are still quite 
effective heat transfer areas, and 
slots on the edges of the relieved 
fin remove much effective area. 


s 
t 
.7 Effective 7” 
ness ratio de- 
endence u 
a 


ss 
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II show many interesting features | 
For flat fin coils, the two row stag- 
has the lowest 
caused by the disturbances o 
} first row tubes passing over the 
second row fins. 
The relieved fin resistance is 
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Second, the tests were carried out 
in a low turbulence tunnel. Al- 
though both fins would benefit from 
turbulence, it a certain that 
the relieved fin would benefit more. 
Turbulence would disturb the 
boundary layer as it passes over 
the slots and holes. 
Tests were carried out at tur. 
bulence intensity levels of 2.2 and 
5.0% for a single, relieved fin coil. 
These results were extrapolated to 
zero water side resistance. The re- 
sults are collected in Table II. 
Turbulence reduces flow loss 
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and enhances heat transfer for the 
relieved fin. Resistance to heat 
transfer is still than that for 
a flat fin, but the pressure loss is 
much less. The net effect of these 
two tendencies is seen 
from a n of N’ in Fig. 7. 
Turbulence has substantially im- 
roved the performance of the re- 
ved fin coil and has made it 
somewhat better than that of the 
flat fin coil at low velocities. This 
is a substantiation of reasoning 
which predicted such a result. 
However, improvement is not 


TABLE IIA EXTRAPOLATED RESULTS FOR SEVEN FLAT AND 
RELIEVED FIN COIL ARRANGEMENTS OF COILS A AND B FOR 
LOW TURBULENCE 


inlet air Vi — Air 
Test — Velocity 


Al 
A2 
A4 
BI 
B2 
B3 
B4 
B5 
ci 
c2 
C3 
DI 
D2 
D3 
D4 
El 
E4 
Fl 
F2 
F3 
F4 


(Nz./D) x 10° 
Nae/ft 


x 10’ 
hiF/ 


= 

Approximate 

79 19.5 855 5.77 629 
77 39.0 6.93 4.13 388 0938 
72 575 6.16 3.38 
7 773 5.48 299 253 0846 
4 19.9 11.38 458 467 
1% 39.4 8.89 3.53  .300 0850 
1% 57.3 747 292 0646 
77 76.6 6.60 2.69 .0773 
79 96.0 5.95 255 .184 0722 z= 
77 19.9 9.64 10.19 1.089 .1068 
77 39.8 7.16 702 692 0986 
74 56.9 6.85 5.60 540 0964 ae 
7 75.9 6.01 483 460 0952 
7 20.6 13.34 7.65 .763 0998 
7 39.9 10.18 565 518 0918 
69 57.7 8.88 450 15 .0922 ie 
69 77.1 7.61 3.95  .362 0917 
73 19.9 9.27 10.84 «1.140.108 
4 38.8 6.79 788 6.79501 
74 56.7 5.79 6.66 
74 75.0 5.03 5.92 0940 
70 20.1 11.07 943 951.1008 
39.6 7.98 7.18 667 0942 
68 57.4 6.98 600 527 0878 ig 
71 76.4 5.84 5.26 472 0895 


results tabulated in Table II. "The 
heat transfer effectiveness and fric- 
tion loss effectiveness for 2.2% tur- 
bulence are plotted in Figs. 8 and 
9. Also shown are curves for the 


TABLE IIB. EXTRAPOLATED RESULTS FOR SINGLE COIL TESTS 
AT 2.2% AND 5.0% TURBULENCE 


D) x 
(Nae/' 


flat fin (Coil A) at low turbulence 
and for the first relieved fin (Coil 
B) at 2.2% turbulence. 

Fig. 8 shows that Coil I is su- 
perior to Coil A in heat transfer 
rate for all velocities and that Coil 
J is superior in the high velocity 
range. All other coils transfer less 
heat, per unit tube length, under 

. 9 shows that only Coil K 
aa flow losses than Coil A. 
That is, all designs other than K 
have lower flow losses than A. Fail- 
ure of K is evidently due to sepa- 
rated flow behind the tabs. 
Effects of heat transfer and 


R'x 10° 
fPhr°R/Btu 


F 

B" 3 68 600 60.2 75 2.69 .236 .0877 
B"4 68 799 80.2 6.8 2.38 .196  .0824 
B" 5 67 1000 98.9 6.25 2.28 .0756 
6h 414 9.1 2.75 .276 .1002 
B'3 78 604 58.1 74 2.69 .236 .0877 
75 801 77.8 6.7 244 .205 .0840 
72 99% 98.6 6.15 2.28 -175 .0768 
So"! 65 200 20.1 10.46 431 50 3.116 

6"3 68 588 59.2 6.83 2.747 .261 .0957 
6"5 64 970 100.2 5.48 2.432 .195 0802 
66 585 58.7 6.44 2.70 .281 .104 

HH"! 76 212 20.6 9.76 4.603 519 .1128 
H"3 75 607 58.9 6.55 2.881 .271 .0940 
H"5 76 996 96.4 5.29 2.439 .206 .0844 
H'3 78 585 56.6 6.81 2.721.271 .0997 
ri 71 230 22.7 7.98 5.016 590 .1175 
"3 75 596 58.1 5.57 3.301 .3255 .0987 
"5s 72 994 97.6 4.62 2.801 .2345 .0838 
"3 72 595 58.4 5.66 3.175 .3188 .1004 
72 204 20.1 8.50 5.296 617 .1165 
J"3 70 593 58.3 5.82 3.251 3110 .0957 
J"5 71 973 95.4 4.78 2.780 .2310 .0832 
73 594 58.2 5.81 3.239 313.0966 
76 212 20.6 8.84 6.162 .573 
K"3 75 605 59.1 6.10 3.619 .2913 0806 
K's 74 995 974 4.978 3.066 .2170 .0708 
K'3 74 597 58.6 6.07 3.654 .2955 .0810 
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: sufficient to consider this relieved 
fin better than the flat fin. Given 
thickness of the fin material, this 
design is not superior, since con- 
siderable fin area has been re- 
moved. 
The coils G, H, I, J and K 
were also tested at turbulence in- 
| tensity levels of 2.2 and 5.0%. The 
' heat transfer resistance and flow 
loss effectiveness were extrapolated 
inlet air 
Test | 
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we see that only Coils B and K 
erior to Coil A. The im- 


eres: over A is largest for 
il I, 15%. Another interesting 
feature is that only Coils I and J 
are superior to Coil A in both re- 
. They give more heat trans- 

and less flow loss per coil, i.e., 
per ft of tube length. 
The effect of higher turbulence 
levels is also shown in Fig. 10. The 
5.0% turbulence tests were made 
tants ximately 600 for coils 
B, . H, I, J and K. polated 
results for each coil are shown as a 
point. Coil K, which is similar to 
a flat fin, in that it offers no bound- 
ary-layer relief, is little affected 
higher turbulence. (This is an in- 


Fig. 8 Heat transfer effec- 
tiveness vs flow Reynolds 
number. *Undetermined low 
turbulence level for coil A 


direct corroboration of the conten- 
tion that turbulence would not 
benefit the flat fin.) The group 
which are superior to Coil A (i.e., 
e 4% at 600 the hi 


CONCLUSION 


Surfaces having separated and un- 
separated oa have comparable 
heat transfer rates, but tion 
results in much higher flow losses. 
The effectiveness ratio, defined in 
this study, evaluates these effects 
and is a sensitive indicator of the 
performance of a surface. Visual- 
ization studies of models of cylin- 


by ders and of finned tube exchangers 
indicated conditions which cause 
flow separation on various types of 
surfaces. 
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and 

= 

Fig. 9 Flow loss effective- ts 

ness vs flow Reynolds number at 

* Undetermined low turbu- 

g 


the air stream. Since 
turbulence of a high intensity is 
often t in actual equipment, 


Fig. 10 Effec- 
tiveness ratio vs 

number 
(curves are for 
Tests at 2.20% 
turbulence inten- 
sity, except for A. 
Points are for 
5.0% turbulence 


intensity) 


— EFFECTIVENESS RATIO 


bulence levels of approximately 2.2 
and 5.0%. Turbulence substantially 
increased heat transfer and reduced 
the flow losses for this coil. The 
effectiveness ratio under these con- 
ditions somewhat exceeded that of 
the flat fin. 

Five additional relieved fins 
were designed. They were tested 
as single coils in streams having 
turbulence levels of approximately 
2.2% and 5.0% intensity. At 2.2% 
turbulence intensity, four of the 
five fins had a higher effectiveness 
ratio than the flat fin, and two of 
the fins had both a higher heat 
transfer rate and a lower flow loss. 
At 5.0% turbulence, the improve- 
ment was even greater. 


NSS 
NSS 
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. boundary layer relief and 
on the fin surface 
was designed. Coils, made up of 
such fins, were a over the 
air velocity range to 800 fpm 
with flat fin coils. The compari- 
| sons, made for single and two-row 
inline and — arrangements 
in a low turbulence stream, indi- 
cated that fin relief was excessive 
| in this design. 
Initial tests with the first re- 
. lieved fin design indicated that the 
| relieved fin benefitted from dis- 
| | 
20 40 60 80 wo 
| 
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This series of observations and 
tests has shown that rational de- 
sign, based u flow considera- 
tions, can | to much improved 
exchanger surface. The particular 
flat fin against which the compari- 
sons were made is believed to have 
almost optimum thickness, width, 
and tube spacing for these flow 
conditions. Yet several of the sec- 
ond group of designs give more 
heat transfer with less flow loss. 

Improvement was 15 to 20% 
for the best designs. However, it 
would be unrealistic to assume that 
this amount of improvement is a 
limit for optimum relieved fin de- 
- in actual use in exchangers. 

writer feels that considerably 
better designs are possible. An- 
other important factor is that the 
fins tested in this study were de- 
signed as much for low flow loss 
as for high heat transfer. Greater 
seems possible, if 
only one of these two characteris- 
tics is sought. 

ESTIMATES OF ACCURACY 
AND RELIABILITY OF THE 
RESULTS 
The accuracy and reliability of the 
test results depend upon mag- 
nitude of the errors in the measure- 
ments taken during the tests. There 
are three sources of error: fluctua- 
tions (or unsteady state effects), 
errors in temperature determina- 
tions, and errors in flow rate de- 

terminations. 

Long and carefully controlled 
warm up periods insured approxi- 
mately steady state conditions dur- 
in time in which data was 
re Ba Since all but one of the 
variables of first order effect were 
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instantaneous readings, the period 
of a run was quite short. Observed 
drifts during the period of a run 
indicated an error of at most 1.0% 
in heat transfer rates. 

Estimates of inaccuracies in 
the air side temperature difference 
and mass rate of flow determination 
indicate a maximum error in the 
computed heat flow rate of 2.0%. 
Similar estimates for the water side 
suggest a maximum error of 3.3%. 
Therefore, the max e ed differ- 
ence in the two heat rates for 
a given run is 5.3%. Max difference 
found was 4.0% and occurred in 
only one run. The average differ- 
ence, for all runs, was 2.0%. 

The princi uestion, con- 
cerning | of the 
measurements as an indication of 
the relative performance of the 


various of fins, arises in con- 
nection with the uniformity of the 
“bond resistance” between the tubes 


and fin collars for various coils 
tested. 
Reliable measurement of this 
bond resistance is quite difficult. 
Further, the use of such results to 
subdivide the overall resistance 
measured in actual tests is a ques- 
tionable procedure, unless one has 
a detailed knowledge of how the 
bond resistance depends upon the 
fluid temperatures, method of in- 
stallation, stresses in the coil, etc. 
See, for example, the recent study 
by Gardner and Carnavos.* 

Since this study was not con- 
cerned with a detailed considera- 
tion of bond resistance, the coils 
were desi and manufactured in 
a way which could reasonably be 


expected to result in uniformity. 


a 
ae 
ae 
| 


| 148 ASHRAE TRANSACTIONS 
2 
| : 
O aD 
J 
O O 


SUVTIOD OLN! OL 
HON! 


wOs 

HAGIM HON! 3NO 


HON! BNO S3eNL 


mou JIONIS 


i 


CHARACTERISTICS OF FINNED Tuse ExcHancers BY B. GEBHART 


prod 

149 a 

= 

O 

O 

O 


One manufacturer supplied all 
coils, which were assembled by 
expanding the tubes into 
the collared holes in the fins by 
forcing a ball through the tubes. A 
single fin spacing, fin material and 
ess, and tube material and 
thickness were oyed. Methods 
of production and fabrication were 
the same for all coils. Tests were 
all conducted at water tempera- 
ture levels from 120F to 140F. 
from 65 to 80F. 
The first coils su 


pair 
Overall resistance was essentially 


the same for both coils of a given 
. Therefore, it was assumed 
t the effect of bond resistance 


heat and 
Thanks are also due to Mrs. Leora Decker 
who typed the manuscript. 
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NOTATION 


U.—Overall surface coefficient 
from water to air. 
R, — 1/U. 

R’.—Ra =1/U'. — The value 
of Ege to zero 
water side resistance 

U 1/R’. 

Ra—Heat transfer resistance of 
tube wall and fin material 
R,.—Heat transfer resistance be- 

tween fin surface and air 
stream 
R~—Heat transfer resistance of 
water side 
tg — Flow loss effectiveness 
e's —ex at zero water side resistance 
ea — Heat transfer effectiveness 
e'u — en at zero water side resistance 
N — Effectiveness ratio 
A, — Inside tube surface area of a 
coil = 1.496 ft’ 


m— Mass rate of flow in lb/sec 
t. — Air temperatures 
tw — Water temperatures 
At» — Heat transfer temperature 
difference 
— Static pressure cha of air 
Ap: — Frictional effects expressed as 
@ pressure decrease 
— Frictional head loss (in.H.O) 
V — Air velocity ahead of heat ex- 
changer 
p — Density 
— Air viscosity 
Nae — Reynolds number 
Subscripts 
1 — Ahead of heat exchanger 
2—After heat exchanger 
a—Air 
w — Water 
h— Denotes At upon which U, is 
based 


m—The temperature change for 
an ideal exchanger 
am — Average air temperature 
wm — Average water temperature 
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each of types A and B, offered a 
convenient check of bond uni- 
formity. Fully instrumented tests 
sure 
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APPENDIX 
Calculation Procedures 


Vv Vv? 2 
Outline for single and double coil Ap,-= =( 


arrangements 


1 A: Ats 


U. q 
(tw: — tam) — (tws — tam) 


= (2) 


twi — tam 
twa — tam 
1 4.14 X 10* m.*"* 

(1 + .011 tem) 
from Nxu= .023 (Nae) Np,’ 

U’. A: At’s A: 
M, Cp PEST, M, Cp 

Ai 


cpm, R’, 


in 


velocity 


(1) 


= (3) 


(4) 


where the prime denotes infinite water 


APs = APs — AP= 
Ap: = AHa Pa 


A: Be Ta 
APr 
('H,0) =e 
Pw 
APr 


Pi Vv? 


Pr 
Hz (Iso.) = Hi = 


e's 
Air flow conditions 


referring to a ol 


per ft of heat exchanger 
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2, = 
es — —— 
‘ 
= 
R Pm Ta 
of the 
heat exchanger may 
= 
Nae 
L 
DISCUSSION & 
C. O. Macxery, Ithaca, N. Y. (Written): In In this heat exchanger, the temperature rise aa 
finding the heat transfer effectiveness ratio for of the air would be greater than in the ex- By 
the heat exchanger with a zero thermal re- changer tested. The assumption made was that = 
sistance of the tube-side fluid, Professor Geb- the m.t.d. in this new exchanger is twi — ta1, oo 
hart has made an approximation that may be which is not precisely correct. The use of this — 
replaced, if desired, by a more exact treat- assumption gives the following heat transfer = 
ment. His definition of heat transfer effective- effectiveness ratio: i. 
ness ratio may be written as A ‘= 
tes — tar = 
ma Cp R’o a 
twi — ter 
where R’o = Ra + Rm (found by extrapolation) ee 
| The rise in temperature of the air in the ae 
heat exchanger with Rw = 0 may be found as aS 
follows. In this heat exchanger, the temper- 3M 
ature of the water may be assumed to tie 
remain at twi, because the flow rate for - 
infinitely high water-side coefficient of heat et 
transfer would be infinitely great. The rate Pas 
of heat transfer is oie 
water side (Rw = 0). The heat transfer ee 
effectiveness ratio of this fictitious heat ex- ue 
changer is Ai (tas — tes) 
aq’ = ma Cp (t'as — ta) = 
— ter twa — ter 
“a = ————- where t's: > tes R’o In —--——-—— 
twi — ter twe — 


Es 


tes = + (1 — tar 
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Ai G, H, I, and J have the same effectiveness 
ratios, higher than A a 
twa — tas ma Cp R* the poorest effectiven 
; Then —-—————- =€ values now fall betwe 
twi — tar instead of between 0.0 
+ Ai in Fig. 10. The conch 
about the relative merit 
watt — ter ma Cp R’o modified appreciably. 
——-~ =¢n=l-e 
tes — tes we Tits 
Ai paper 
Only for very small values of ————— 
m 
be equal to this ratio. of 
Air-conditioning engineers familiar 
the equivalent by-pass concept will re 
in ¢’n an equivalent contact factor based o ngs 
entering water temperature, for aether 
actor. 
Mackey 
The effect of this correction on procedu 
reported results is to decrease ¢’n and tially td 
Some of the results given in Tables 11A xpansio 
11B are recalculated and included in ion is u 
discussion. ture r 
een th 
results 
Test es es N’ he diff 
T 
Al 5.77 0.466 0 A. 
A2 4.13 0.321 0.077 ynolds 
A3 3.38 0.258 0.076: 
A4 2.99 0.223 0.074 Ss 
Bl 4.58 0.373 0.081 he hea’ 
B2 3.53 0.259 0.073 not va 
B3 2.92 0.219 0.0754 of sui 
: 34 2.69 0.188 0.069% hite de 
BS 2.55 0.168 0.065 flow | 
B’3 2.69 0.210 0.0784 stantial 
2.38 0.178 0.074: ts of 
BS 2.28 0.158 0.069 of the 
B’2 2.75 0.241 0.087 true 
2.69 0.210 0.0784 
B’4 2.44 0.185 0.075 
2.28 0.160 0.070 
G"l 4.31 0.393 0.091 ctor 
G’*3 2.747 0.230 0.083 
2.432 0.177 0.072) 
; G3 2.70 0.245 0.090 A 
4.603 0.405 0.087 - 
H’3 2.881 0.237 0.082 At 
H’*5 2.439 0.186 0.076 
H’3 2.721 0.237 0.087 
rl 5.016 0.445 0.088 expee 
3.301 0.278 0.084 and is 
rs 2.801 0.209 0.074 tes 
; r3 3.175 0.273 0.086 
yl 5.296 0.460 0.086 A 
3.251 0.267 0.082 
y's 2.780 0.206 0.074 
y3 3.239 0.269 0.083 
K*l 6.162 0.436 0.070 under t 
3.619 0.252 0.069 maintai 
K"s 3.066 0.195 0.063) lowever, 
K’3 3.654 0.256 0.07 — 
‘ace 
When the new values of treated 
ratio, N’, are plotted against Nrae/D, they the 
i found to be lower than the values given i r is - 
i Fig. 10, and their slopes are smaller. 


é 


(or of heat transfer rate) for these 
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ter — tes ing the definition of 
should be altered as 
At» the paper, e’n has a fu: a 
i . The fact that 

basis exchanger (having a 

per, “A Proposed M uid on the other sid = 
Effectiveness of Dir is a poorer exchai ee 

VE Transactions, 19 fer—flow loss point os 
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Current demands of the 
United States for power, proc- 

and heat average approxi- 
mately 100,000 billion Btu per day, 
30% of which is required for space 


century. But total energy require- 
ments of the United States and the 
rest of the world are rapidly in- 
creasing both because of 

population growth and the impact 
of rapid technological changes on 
our standards of living. This ex- 
panded demand has resulted in 
marked increases in the costs of 
oil and gas during the past three 
decades; yet, an increase in the 
efficiency of conversion has re- 
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sulted in reduction in the cost of 
electricity. All of these fuels are 
now economically feasible for space 
heating under some conditions. 
Nevertheless, the cost of all forms 
of space heating have risen, and 
the consuming public has become 
more conscious of the need for 
conserving space heating energy 
pina adaptation of properly 

gineered heating stems cou- 
pled wi with thermally efficient struc- 
tures. 

The past three decades have 
seen calculation of heating -_ 
progress from rule-of-thumb 
cedures used in the 1920's w 
fuels were cheap and space rere 
ing comfort demands not rigid, to 
the present time when the public 
demands close control of comfort 
conditions and engineering pro- 
vides proper analytical procedures 
for load calculations and system 
design. Accurate laboratory tests 


to remain constant for the next 
D. B. Anderson is Technical Assistant to Vice 
President, Sales, G. A. Erickson is Director of 
|| 


thermal and mass 


for determining 

transfer characteristics of building 

materials now are used routinely. 
But, despite these advances, 


many remain in our knowl- 
edge o' ign and functioning of 
heating systems when applied to 
structures. Individual thermal con- 
ductivities of materials used in 
wall sections are known, but effects 
of framing members and other field 
installation variables are not dupli- 
cated in laboratory tests. Infiltra- 
tion assumptions are approximate 
at best. For instance, tightly con- 
structed and well insulated struc- 
tures, in which infiltration is re- 
duced to a minimum, may require 

ial consideration as far as 
moisture and odor removal are 
concerned. 

It appears probable that heat- 
ing demands of a structure are, to 
an appreciable extent, dictated by 
ventilation needs and that in tight 
structures, either artificial ventila- 
tion or some internal means of 
moisture and odor removal may be 
required. The actual structure to 
be heated either rests upon or is 
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sunk into a mass of earth of 
heat ca 


subjected periodically 
intensity solar radiation field and 
a portion of this energy is absorbed 
on the outside surface of the struc- 
ture and a portion is transmitted 
through fenestration to the inte- 
rior. The outside of the structure 
is su 


diation, and the inside to a variety 
of unscheduled heat and moisture 
gains. It is designed and heated 
t it may provide comfortable 
living conditions for people who 
live, work, and play inside; yet, 
we are not always certain of the 
effects of these living habits upon 
heating demands of the structure. 
In recognition of these gaps in 

our technical information, two test 
houses were constructed to provide 
field laboratories in which answers 
to a number of these questions 
could be obtained. These houses 
were provided with simulated liv- 


Fig. 1 Aerial view of houses from north side. 
House A is right; House B is left 


~ 


4 
155 
high a 
thermal conductivity. 
The structure to be heated is 9 
tur i ind diti nae 
es, varying wind conditions, = 
rainfall and snowfall and solar ra- a 
| 


were made to 
and 
temperature variations recorded 
through a thermocouple well and 
adjacent to foundation wall. 
Heating requirements of each 
room of the structures were moni- 


including solar radiation. Soil tored independently with separate 


Fig. 2 Plan of first floor and basement showing location of 
baseboard heating units, thermostats, and thermocouple “trees” 
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| ing loads under accurate control 
and were fully instrumented to 
provide complete information on 
operating characteristics. A con- 
. tinuous record of the external en- 
vironment was provided through a 
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electric resistance heaters zoned 
and metered to define the heating 
requirements for various areas. In 
short, an attempt was made to pro- 
vide a complete of the in- 
— of various heating demands 
heating losses to which a struc- 
ture is subjected when placed in 
the transient environment in which 
it actually exists. This first article 
describes details of the structures, 
instrumentation, operating condi- 
tion for the first winter's tests, and 
test objectives. Future articles will 
discuss the results obtained. 


FIELD LABORATORIES 
AND THEIR ENVIRONMENT 


Two test houses were constructed 
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on adjacent 120 x 135 ft north- 
south oriented lots on the edge of 
Stillwater, Minn., 18 mi east of St. 
Paul. They are identical except 
for differences in insulation. Each 
was constructed with a system of 
panel wall components’ with ap- 
proximately 1100 sq ft of living 
area. 


Fig. 1 shows an aerial photo- 


graph the houses and Fig. 2, a 
floor and basement floor plan. 
The houses are north oriented. 
Both have approximately the same 
solar radiation exposure on the 


east, south, and west; shadow pat- 


TABLE | 


SUMMARY OF HEAT LOSS CALCULATIONS OF FIRST FLOOR 
AND BASEMENT ROOMS FOR ONE-HALF AND CNE AIR 
CHANGES PER HR AND THE INSTALLED HEATER CAPACITY 

FOR EACH ROOM 


2,072 


3,313 3,313 
39,946 32,579 


66.895 
® Calculation based on double glazed windows and storm doors, For triple glazed windows, 
subtract 3419 Btu from total first floor heat loss. » Includes hall—68 sq ft, 
* Basement heat loss calculated at % air change per hr and 50 F average inside air 


temperature, 
4 Basement heaters were oversized to provide rapid temperature recovery for intermittent 


heating. 


= 
La-Re-Co system of constructivu consists of 3 
window and door panels (2 x 4 studs are 
in. on center) and roof ae sree 24 in. on 
center. Conventional exterior interior finish 
rmateriais are used to complete the house. 
Calculated Btuh Heat Loss* Installed | 
Area ir Change Change 
Room Sq Ft Watts 
Living Room? 448 16,498 13,552 17,071 14,126 4,400 | 
Kitchen 106 2,992 2,293 3,112 2,413 800 
Master Bedroom 160 5,294 4,249 5,529 4,485 1,600 ff 
Master Bath 42 1,386 1,113 1,451 1,178 500 
NW Bedroom 150 5,045 4,059 5,321 4,335 1,600 : 
Den 142 4,734 3,553 5,010 3,829 1,250 | 
Shower 36 683 447 710 474 500 ‘ ; 
First Floor 
Sub Total* 1,084 36,633 29,266 38,204 30,840 10,850 W. 
37,031 Btuh 
Stair well* 40 695 695 695 695 1,000 
Recreation Room‘ 329 546 546 570 570 3,750 , 
Laundry* 288 2,072 mz 2,140 2,140 4,000 i 
Basement 
Sub Total® 657 3,405 3,405 8,750 j 
Total House 1,741 41,609 34,245 19,600 we be 


tern were taken at 
different times of the year to de- 
termine this point. 


Table I presents a | 
of sq footage of floor space, cal- 
culated design heat loss in Btu per 
hr, and wattage of electric heating 
elements installed in each room. 
All rooms on the first floor and the 
recreation rooms are heated 
convection baseboard electric 
units. Two watt blower type 
electric heating units were placed 
During the early part of the first 
winter, line — thermostats 
were used in 7 different zones in 
each house. Later, two piece, low- 
voltage thermostats were installed 
in order to provide more precise 
temperature control] needed in 

comparisons. These units 
cycle the heating elements ap- 


proximately 10 times per hr and 
provide temperature control within 


approxima + 0.25 F. 


House Construction and Heat 
Demand Calculations — Both test 
houses are identical with the ex- 


ception of differences in type and 
thickness of wood fiber blanket in- 
sulation as shown in Table II. 
Over-all heat transmission coeffi- 
cients as determined by calculation 
(corrected for framing heat loss) 
and guarded hot box test are in- 
cluded. Basement recreation room 
exterior walls in each house were 
insulated with %-in. blanket be- 
tween 2 x 2 in. furring and %-in. 
insulating plank interior finish. The 
exterior walls in both laundry 
rooms were uninsulated. 

Wall ls were constructed 
in the shop with 25/32-in. insu- 
lating board sheathing, 4 x 8 ft 
applied to 2 x 4 in. studs, 24 in. on 
center. Sheathing overlapped on 
panels %4-in. at sides and bottom 
when panels were erected. A stri 
of sheathing about 12 in. in widt 
was applied to the base of the wall 
to cover joists and sill plate. Ex- 
terior finish on east, west and south 
walls is insulating board shingle 
backer and prestained cedar shin- 
gles with 12 in. exposure. 

Shingles on House A are buff 
color and on House B, light green, 


TABLE Ii 


SCHEDULE OF INSULATION USED IN EACH HOUSE WITH 
CALCULATED AND HOT BOX TEST "U" VALUES. 


Balsam-Wool Blanket Insulation 


A Ceiling 5 in. 
Walls 35 in. 
Floor 2 in. 

B Ceiling 3% in. 
Walls 2 in. 
Floor lin. 


loss 
15% for wall studs, plates, and headers). 


U" Value 


Liners Calc." Hot Box Test 
Reflective 049 046 
Regular 062 .057 
Regular 078 082 
Reflective .060 .056 
Reflective .062 
Reflective .063 071 


through framing members (10% for ceiling and floor 


but laboratory tests, to determine 
equilibrium temperatures when ex- 
posed to sunlight, indicate prac- 
tically no difference in solar ab- 
sorption between the two colors. 
North wall of the two bedrooms is 
red face brick veneer and the two 


walls of the mn porch are faced 
with %-in. oard panels, 
painted. 

Between the masonry wall and 


sill plate, a wood fiber sill sealer 
t insulation was used. Joists 
are 2 x 10 in, ced 16 in. be- 
tween centers. subfloor is %- 
in. plywood with vinyl tile in the 
entrance hall, kitchen, bathroom, 
and shower room and % -in. oak in 
living room, dining room, and three 
bedrooms. After wall insulation 
was installed, 2-in. wall- 
board interior finish was applied. 
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Roof construction was %-in. 
plywood on roof trusses placed 24 
in. on center. There is a roof over- 
hang of 24 in. from the wall and 7 
screened openings in each of the 
north and south soffits which pro- 
vide a total of 203 sq in. of unre- 
stricted opening between the in- 
sulation and roof sheathing. 
These are provided with cov- 
ers in order that varying amounts 
of ventilation can be achieved. 
East and west gable walls have 
screened vents with a total free 
area of 318 sq in. House A is fin- 
ished with dark brown asphalt roof 
shingles and House B, with dark 
green shingles. Again, solar ab- 
—— studies indicate very little 
ifference between these colors. 
After the ceiling insulation was 
installed, 1 x 4 in. stripping was 


Fig. 3 Cross section showing construction details 
and ceiling, wall and floor insulation in each house 


VENT 
OPENINGS 


5° INSULATION 
REFLECTIVE LINERS 


HOUSE A 


F 358 INSULATION 
REGULAR LINERS 


25/32" NU-WOOD 
INSULATING 
SHEATHING 


INSULATING BOARD 
SHINGLE BACKER 


2” INSULATION 
REGULAR LINERS ; 
> 


INSULATING 
SILL SEALER 


REFLECTIVE LINERS | 


HOU 


2” INSULATION 25/32" NU-WOOD 

REFLECTIVE LINERS INSULATING 
SHEATHING 

1" INSULATION 


REFLECTIVE LINERS INSULATING BOARD 
SHINGLE BACKER 


WOOD SHINGLES 


RECREATION ROOM 
BALSAM- WOOL 
INSULATING NU-WOOD PLANK 


INSULATING 
SILL SEALER 


159 3 
| : 
ENT 
SS 

WOOD SHINGLES | 


160 ASHRAE TRANSACTIONS 


nailed to the bottom of trusses, 16 
in. on center, as a base for %-in. 


All windows were weather- 
stripped wood sash with welded 
double glass. A removable third 
pane was installed from the exte- 
rior with clips. Window and door 
areas were approximately 15% of 
gross wall area. Fig. 3 presents a 
cross section drawing of the con- 
struction and insulation used in 
both houses. The living-dining 
room and three bedrooms were 
furnished with major pieces of fur- 
niture to occupy space and provide 
heat storage capacity. 


Simulated Occupancy — Demands 
made upon a heating system are 
dependent to an appreciable extent 
upon living habits of the occupants 
of the space. For this reason, it is 
difficult to arrive at rational con- 
clusions from field data. It was, 
therefore, decided that a controlled, 
simulated occupancy would be de- 
fined and installed in order to pro- 
vide heat and moisture supple- 
ments normally added by occu- 


ts. 
A family of four consisting of 


two males, both old enough to be 


considered adults, one adult fe- 
male, and one child was postu- 
lated and heat and moisture gains 
to the space from these occupants 
based upon data available in the 
1960 ASHRAE GUIDE. It was 
assumed that the family slept 8 hr 
in the house and averaged an addi- 
tional 7 hr of more active life in 
the living space. Simulated loads, 
as shown in Table III, were 
actually distributed over a longer 
period of the day. Total heat sup- 
plied by the occupants was pro- 
vided through electrical cone heat- 
ing elements and a proportion of 
this heat translated to a moisture 
load by operation of a humidifier 
in which sensible to latent heat 
was translated by absorption of 
heat from the air. 

Operation of refrigerator, 
range, freezer, television set, lights 
and miscellaneous electrical appli- 
ances were also simulated through 
the operation of electrical cone 
heaters of appropriate size. How- 
ever, the electric dishwasher, water 
heater, shower bath, clothes washer 
and clothes dryer were actually 
operated with cycling controlled 
by a programmer. 


TABLE Ill 
HEAT SIMULATION FOR OCCUPANCY 


Heat Simulation 


Location Period Total Heater Connected 
of of Operation Load Btu Per Day 

Simulator Operation HrPerDay kw Sensible Latent Total 
Living Room 8 a.m.-11 p.m. 15 -150 5759 1920 7679 
Kitchen 8 a.m.-11 p.m. 15 100 3840 1280 5120 

Master 
Bedroom I! p.m.- 7 a.m. 8 150 3072 1024 4096 
Bedroom 11 p.m.- 7 a.m. 8 -100 2048 682 2730 
Den 11 p.m.- 7 a.m. 8 075 1536 512 2048 
Total Heat Input, Btu/Day 21,673 


Table IV ts a 
of simulated utility loads for this 
family of four persons as selected 
for these tests. The first column 
of this table shows the simulated 
or actual appliance load, and col- 
umn 2 shows the period of use per 
day. Column 3 shows the actual 
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TABLE IV 
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connected load of the unit and 
column 4, the kilowatt hr per day 
for the actual or simulated ap- 
pliance. Column 5 provides ex- 
ame comments on the basis 
or simulation. References at the 
bottom of the table indicate the 
source material upon which these 


UTILITY LOAD SIMULATION FOR FAMILY OF FOUR 
Connected Total kw hr 


Total Use Load Consumption 
Simulation Per Day kw Per Day Basis for Simulation 
onrrrs 30 25 7 ash of 
a min complete wash cycles per week 
7 canvas cloths washed- each 
cycle. * * 

Dryer 55 min 4.24 3.90 7 complete drying cycles per week 
of 55 min per cycle. 8# wet 
canvas cloths taken from washer 
dried each cycle. * 

Dishwasher 50 min 1.02 85 estimated at one 

Water Heater Automatic 2.60 14.16 Operates automatically to supply 
approximately 60 gal of 150 F water 
daily (37 gal pp a baths, 4 
showers per day, lavatory use and 
losses; 7 gal for dishwasher; 16 gal 
for clothes washer).*** * 

Simulated Operation: 

Refrigerator 12 hr 10 1.26 Total daily kw hr consumption. Based 
on 50% operation and equals aver- 
age monthly consumption. * * 

Freezer Continuous .25 1.80 Total daily kw hr consumption panel 
to Yq hp pacer operating '/3 of 
time and equals average monthly 
consumption. * 

Range 100 min 2.03 3.40 Total daily kw he consumption for 
100-min operation equal to average 

monthly use for large cities. * * 

Television 6 hr 15 .75 Total daily kw hr consum iption equals 
6 hrs average daily use. 

Lights & Misc Continuous 14 3.36 — Total daily kw hr consumption equals 


1 ASHAE GUIDE 1959, 
Association of 
1957-1958", April 195 


average monthly consumption for 
appliances, (e.g., 


nd light- 


miner, radio, clock, etc. 
ing. 


oka ion of Edison oinains Companies, “Report of the Residential and Rural Loads 


ittee”, June 195 


* Potomac Electric Power Company, “Elements of Load”, April 1959 
and experience 


5 Data on manufacturers’ published figures 
Minnesota Power & Light Company 


of sales personnel submitted by 


‘ 


assumptions were based. 

Fig. 4 shows one of the simu- 
lated heat producing units located 
in the kitchen of the residence. 
This unit is com of two cone 
heaters cov with protective 
hardware cloth and equipped with 
a relay controlled by pro- 
grammer, which also controls a 

liances. In this case, one of 

aters supplies the heat for lights 
and miscellaneous appliances and 
the other supplies the heat equiva- 
lent of the occupants while in the 
kitchen. 

The heart of the load simu- 
lation equipment was the 
grammer shown in Fig. 5. This 
consists of 14 plastic cams with 
one cam representative of each 
activity. This was equipped with 
a 24-hr clock and the cams tripped 
microswitches which, in turn, oper- 
ate the relays to power individual 


Fig. 4 Cone 
heaters and relay 
in kitchen simu- 
lating occupancy. 
Dishwasher oper- 
ates 50 min daily 
at 7 p.m. 


simulating heaters or actual appli- 
ances. 


INSTRUMENTATION 
Measurement of heating demands 
and inside and outside environ- 
ment were provided by (a) an elec- 
trical power input measuring sys- 
tem, (b) a temperature measuring 
system, (c) a moisture measuring 
system, and (d) an external envi- 
ronment measuring system. Each 


will be discussed in turn. 
Electrical Energy Input — Electri- 


cal energy consumption was re- 
corded in each house by nine in- 
dividual room meters and by two 
demand meters. The living room, 
kitchen, northwest bedroom, south- 
west bedroom, den, bath and 
shower on the first floor were me- 
tered individually and, in addition, 
meters were provided for base- 
ment laundry room and basement 
recreation room (including stair 
well). All individual room meters 
were calibrated to an accuracy of 
+0.10%. Fig. 6 shows the location 
of individual room meters, demand 
meters, and electric clock. Not 
shown is camera equipment lo- 
cated in each house which photo- 
pores the meter panel board at 

midnight each day. A timer 
was set to operate flood lights and 
through a 30-second delay bimetal 
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tube, the cameras recorded meter 
readings. During daily inspection 
of the houses, camera equipment 
was manually operated and reset 
for the following midnight photo- 
graph. 


Temperature Measuring System — 
A total of 303 copper-constantan 
thermocouples were used to define 
temperatures inside and outside 
houses. Of these, 78 were recorded 
automatically every 24 min and 
145 were read manually each week 
and were controlled by selector 
switches. An additional 80 ther- 
mocouples, installed to determine 

ific conditions, were read pe- 
riodically when information was 
needed. All continuous recordings 
were made by means of two re- 
— potentiometers and the 
manual readings, by means of a 


portable potentiometer connected 
to a manually actuated stepping 
switch. 

Room temperature gradients 


Fig. 5 Program- 
mer enclosed in 
plastics case lo- 
cated in laundry 
room which oper- 
ated appliances 
and heaters simu- 
lating family of 
four in each house 


were measured in the living room, 
southwest and northwest bedrooms, 
at the floor, three and 60 in. above 
the floor, three in. below the ceil- 
ing and at ceiling surface. In addi- 
tion, recording resistance ther- 
mometers with a nickel bulb lo- 
cated near room thermostats pro- 
vided continuous strip charts of 
room air temperatures in each 
house. All air thermocouples were 
shielded from radiation effects by 
means of concentric foil covered 
rings which permitted free air cir- 
culation but eliminated warm and 
cold radiation effects from window 
and wall surfaces. 

Wall, ceiling and floor surface 
temperatures were measured at 22 
locations. In addition, the tem- 
perature gradients through the 
north and south walls were meas- 
ured at both the 60 in. level and 
across plate. Temperature gradi- 
ents were also measured through 
the floor and ceiling constructions, 
both above and below the thermo- 


| 
=| 
| 
5 
af 
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couple “trees” provided to measure 
room air temperatures. Both attic 
and crawl space air temperatures 
‘and. surface temperatures were 
measured. 

Ground temperatures are 
measured in the basement 2 ft, 1 ft 
and 4 in. below the surface as well 
as on the surface of the slab. Ex- 
terior block wall temperature was 
taken at 6 in., 2 ft, 4 ft and 6 ft 
depths outside the recreation room 
on the north and west walls and 
outside the laundry room on the 
west and south . In addition, 
soil temperature measurements 
were taken to a depth of 10 ft at 
a point 20 ft west of House B and 

ft east of House A. These tem- 
rape were recorded at the sur- 

and at 1, 2, 3, 4, 5, 6, 8 and 10 
ft depths. Complete soil analyses 
were made at the time thermo- 


couples were installed. 


Fig. 6 Central meter panel 
has 9 individual meters and 
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Fig. 7 shows the instrument 
room located in the basement and 
provided as a central point for lo- 
cating potentiometers and auto- 
matic selector switches for tem- 


perature programming equipment. 


Moisture Measuring S 
tinuous readings were made of 
relative humidity in the living 
spaces of both houses by two re- 
cording hygrometers. Relative hu- 
midities were checked weekly with 

sling psychrometer in all rooms 
including attic and crawl spaces. 
In addition, periodic moisture 
measurements were made in the 
wall plates below the kitchen sink, ~ 
shower room, northwest bedroom, 
and in the crawl space in the plate 
located above the concrete block. 
Moisture probes were permanently 
imbedded in plates at all measur- 
ing points and a Delmhorst mois- 


on east wall of laundry room 
2 demand meters 


, 
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ture meter was used to record 
moisture contents. 


External Weather Measuring Sys- 
tem — A U.S. Weather Bureau type 
instrument shelter' was located 
midway between Houses A and B 
and contained a resistance type 
thermometer for air temperature 
measurements taken once cvery 
2% min. In addition, a weather 
instrumentation mast was located 
approximately 100 ft south of both 
houses to provide records taken at 
a 30 ft pals of wind speed, 
wind direction and solar radiation. 
The solar radiation was 

an Eppley 10 junction pyrheli- 
recorder. Weather mast and air 


*Model No. 176—Science Associates, Inc. 
Princeton, N. J 


temperature instrument shelter are 
shown in Fig. 8. 

OPERATION PROCEDURES 
Although it was recognized that 
there was some merit in operating 
both houses under constant condi- 
tions throughout the winter, it was 
felt that it was more desirable to 
explore various operating combi- 
nations so that a wider variety of 
data might be obtained. For this 
reason, a varying schedule of oper- 
ation was followed and for the 
riod from October 31 to June 1, 
the houses were operated under 
conditions for full load simulation 
37% of the time; under heat simu- 
lation, 15% of the time; and under 
conditions of no simulated load, 
48% of the time. During 55% of 
the heating season, the houses 


Fig. 7 Instru- 
ment room in 
basement con- 
tains 2 recording 
potentiometers 
and selector 
switches for read- 
ing tures 
with portable po- 
tentiometer 


4 
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were ted with triple glazing 
on te ws and for the remaining 
45% of the season, with double 


For the initial two months of 
or approximately 25% of 

heating season, houses were 
operated with the living room 
maintained at 72 F; baths, at 75 F; 
bedrooms, at 68F; and stairway 
and basement, at 65 F. During this 
period, heat distribution charac- 
teristics were determined and fol- 
lowing this, all rooms, with the 
exception of basement and stair- 
way, were set at a constant room 
temperature of 70 F. The basement 
was heated to 65 F in two-hr cycles 
each day for a portion of the time, 
continuously on 24-hr les for 
another period, and no heat was 
supplied during a third period. A 
complete ule of the different 
phases of operation together with 
an analysis of results will be 
sented in a subsequently to be pre- 
pared paper. 

It was recognized that it would 
be to artiticially simu- 
late infiltration through door o 
of twelve door ings for en- 
trance to or exit houses 
were provided manually. These 


openings were according to a fixed 


and a logbook was pro- 


vided to record these and all other 
manual activities to which the 
houses were exposed. During one 
period of operation, the debt wie 
ings were increased to 24 per 
24-hr period and during a few brief 

ri when i ion of the 
youses occurred, a much higher 
number of entrances and exits were 


recorded. 

Here, care was taken 
to obtain an equal number of door 
openings and entrances to each 
house. It was recognized that the 
ventilation to which a house is 

sed is, to a great extent, dic- 
tated by the living habits of the 
occupants, and t this varies 
markedly between families. In the 

mt tests, door openings to 
which each house was exposed de- 
fined the simulated living habits 
for this particular simulated family. 

Additional ventilation was pro- 
vided by operation of the kitchen 
exhaust fan during the periods of 


Fig. 8 View looking south 
showing U.S. Weather Bu- 
reau instrument shelter 


type 
and in background, 30-ft 
weather mast containing 
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simulated cooking tions and 
the ventilation fans for the shower 
room during the periods when the 
showers were in actual operation. 
Further, it was recognized that 
under actual operating conditions 
when very high humidities are ex- 
ced, ventilation is 
vided by the occupants in or 
these conditions. This 
ventilation is normally provided by 
additional door or window open- 
. In the simulated operation, 
a idistat was installed to oper- 
ate the central shower fan upon de- 
mand whenever predetermined ex- 
cessive humidities were 
enced. Doors extending from 
to ceiling permitted good circula- 
tion of air when the fan operated. 
Each house was i ted 


inspec 

and these inspections in- 
cluded checking operation of the 
programmer, circuit breakers, hu- 
midifiers, all appliances and all 
recording equipment. All electric 
meters were read and camera 
equipment used to record the mid- 
night meter readings was checked 
and film advanced. All water con- 
sumption meters were read, and a 
load of clothes which had been 
washed in the electric washing ma- 
chine shifted to the dryer. Drapes 
and shades in each room were in- 
ed and any window condensa- 

tion noted. ration of dish- 
washer, range, fan, and the shower 
and shower fans were all checked. 
The total amount of 1.2 gal 

of water was introduced daily into 
each house by the humidifier to 
simulate the calculated .96 and .24 
gal water given off by occupants 
and cooking, respectively *. Daily 
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consumption of all outside service 
meters were also read and snow 
depth, if any, adjacent to the house 
on all sides recorded. All vents were 
checked to make certain that they 
they were not obstructed. An exact 
schedule of operation was provided 
with each item to be accomplished 
in sequence in order that there 
would be no variations from day 
to day. 
OBJECTIVES 

The introduction presented the 
broad objectives which dictated 
the planning of this research 
program. More ifically, they 
may be subdivided as (a) heat loss 
studies, (b) temperature studies, 
and (c) moisture studies. 


Heat Loss Studies — One of the 
principal objectives of the first 
winter's studies was to determine 
actual energy requirements and 
operating costs under a variety of — 
defined and controlled inside con- 
ditions and a complete monitoring 
of the outside environment. These 
tests have permitted study of ceil- 
ing, wall and floor insulations and 
the effects of a variety of weather 
conditions including solar radiation 
and wind speed and direction u 

the energy consumption of indi 
vidual rooms as well as the com- 

lete houses. They have also 

vided a comparison of actual ie 
loss requirements with calculated 
heat losses. 


Temperature Studies — Detailed 

temperature measurements have 

“Research in Humidity Control”, Bulletin 
Experiment 


No. 106, Station, 
Purdue University, 1 


te 
Shee 


permitted studies of room air tem- 

perature stratification and a com- 
of wall temperature 

ents with calculated gradients 

under different ting condi- 


tions. These studies include investi- 
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be occu a 4 peo- 
normal conditions. 

second house will be 
under simulated conditions out- 
lined previously for the entire heat- 
ing season. This will permit a com- 
i of simulated conditions 


with actual living conditions and 
will permit a evaluation of 


actual heat energy requirements of 
residential structures. 


ty as a function of 
the external enviornment, and field 
studies of effects of double versus 


triple glazing. 
Future Studies—It is intended that 


Avurtnor Exicxson: All wind were th 
stripped wood sash with welded double glass. T. Wernenincton, Jn., St. Petersburg, Fla. 
The third pane of glass was installed in the In the data collected on the demands, is there 
same sash from the exterior and held in place a record available on the diversity of the 
with clips. heating demands with the remainder of the 
house and, if so, does it indicate the heating 
Roszrt Borp, Pittsburgh, Pa.: This study requirements; or what percentage are the 
would appear to support strongly the thesis actual heating requirements as shown by 
that insulation and double and triple glazing these demands, a portion of the calculated 
returned greater savings in capacity required demands for requirements for heating? 
Also, is it planned to rotate the oc- 
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gation of ety and attic air 
: temperatures different venti- 
4 lation conditions and basement 
seasonal variations. 
Moisture Studies — Conducted to 
determine upper limits of indoor ACKNOWLEDGMENTS 
This study sponsored Wood Conversion 
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DISCUSSION 
: Swwer Coats, Niles, Mich.: What type of ventional calculations indicate they will. It is 
hot box and what size specimen was used? evident that much valuable data have been 
Was a typical sample of this section taken? recorded and a continuing flow of excellent 
: Also, were there windows? information from correlation and analysis of 
this information is anticipated. ’ 
Avrtnorn Exicxson: The test equipment was a 
4 standard guarded hot box complying with Lestm Bury, Tulsa, Okla.: Why was the 
ASTM requirements. The unit could be relative humidity maintained at 62% when 
rotated to test ceiling, wall and floor panels the picture was taken? What was the relative 
constructed and insulated in the same manner humidity maintained throughout the study? 
as used in the test houses. Panels were 5% 
ft wide and 5 ft high. Autor Exicxson: The humidity was not 
No window units were tested in the hot controlled in the occupied House A during 
box. “U” value data used in the calculations the second winter. The picture was taken in 
were based on information received from the October and the humidity of 62% at that 
window glass manufacturer. time was not harmful due to mild outside 
temperatures. During cold winter months, the 
humidity was in the range of 40-45%. When 
windows had double glass, condensation oc- 
curred in zero degree weather. There was no 
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Thermal Conductivity of Porous Materials 


MARK E. STEPHENSON, JR. 


The increasingly airborne aspect 
of our physical environment has 
emphasized the importance of re- 
duced weight materials. These are 
often or cellular in con- 
struction. Greater use of such sub- 
stances as plastic foams and honey- 
comb materials underscores this 
significantly. Fibrous insulations, 
textiles, granules and powders are 
all examples of materials which 
could be classified as cellular in the 
sense used here; that is, substances 
containing gaseous pores. For de- 
sign purposes an important engi- 
neering property is the so-called 
conductivity, especially 
since the application of these sub- 
stances as insulation is very com- 
mon. A knowledge of the func- 
tional relationships between ther- 
mal conductivity, cell size and 
shape, apparent density, and mate- 
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rial-p: values for cellular 
materials is useful, but the general 
problem is fairly complex, and a 
simple relationship applicable to 
all cases is not ae e; qualita- 
tively a better understanding of 
the relationships can be obtained 
by examining simplified models 
materials and cor- 
relating conclusions obtained from 
these models with the limited avail- 
able experimental data. 


MECHANISMS OF HEAT 
TRANSFER 


Thermal conductivity of a cellular 
material is a complex property, 
since all three mechanisms J hes 
transmission, that is conduction, 
convection, and radiation, can play 
a role. Some heat is conducted 
through solid material and some 
through gas in pores. Convection 
also occurs in any gas pockets 
large enough to ba. rt circula- 
inally, 


tion currents. F radiation 


can travel from one surface to an- 
170 
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other in each cell, and some radia- 
tion may even travel through the 
solid if it is partially transparent 
to infrared. It can be seen from 
this that “thermal conductivity” is 
not strictly a proper term. Mc- 
Adams* recommends that results 
for cellular materials be expressed 
as conductances. However, since 
most of the available data is in 
terms of thermal conductivity, this 
will be used here, remembering 
that it means an overall apparent 
or effective thermal conductivity. 

Since a cellular material pos- 
sesses complex thermal patterns, it 
is natural that no simple single 
theory will suffice. The method of 
analysis used is generally adapted 
to particular case being con- 
sidered, certain less important fac- 
tors being neglected compared to 
dominant ones, depending on per- 
missible approximations for each 
case. However, since an approach 
suitable for one case is often un- 
suitable for another, assumptions 
involved in each analysis are of 
primary importance. Even for two 
substances composed of the same 
solid material in the same type of 
arrangement, a difference in cell 
size or density can change the rela- 
tive importance of various mecha- 
nisms of heat transfer to the extent 
that the conductivity of one will 
fail to correlate with an analysis 
that fits the other. 


METHODS OF ANALYSIS 
In some applications radiation and 
convection can be neglected in 
comparison to conduction through 
solid material and gaseous 


Upper and lower limits for effec- 
tive conductivity of a two-compo- 


nent system can be calculated. The 
upper limit occurs with materials 
arranged in alternating plane layers 
el to the direction of t 
. In this case 
k. = ¢k. + (1— ky (1) 
where k, is the upper-limit effec- 
tive conductivity of the cellular 
material, k, and k, are thermal con- 
ductivities of the solid and gas, and 
¢ is the solid volume fraction. The 
lower limit, k,, occurs with mate- 
rials arranged in plane parallel 
layers perpendicular to the direc- 
tion of heat flow. In this case 


ky = 1/[(¢/ks) + (2) 


Conductivity k of an actual 
cellular material might be expected 
to lie between k, and k,, the rela- 
tive position between these limits 
depending on the physical arrange- 
ment of material. However, the 
ratio between k, and k, can be 
very great, of the order of ten to 
one or more, so that knowing only 
these limits is often of little prac- 
tical help. An analysis of the prob- 
lem for each particular of 
geometrical arrangement of mate- 
rial considered is generally neces- 
sary. 
Some relationships derived by 
Maxwell for electrical conductivity 
of mixed materials have been ap- 
plied by Eucken? to thermal con- 
ductivity. For example, in the case 
of separated gaseous cells in a 
matrix of contingent solid mate- 
rial, 


1 — (1— ak,/k.) (1 — ¢) 
1+ (a—1) (i—¢) 
(3) 


| 

. 
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where 

ac 3/(2 + ke/k.) (4) 
The derivation requires that (1—¢) 
be small to unity, so this 
relation applies only to fairly dense 
cellular materials, being inapplica- 
ble to cases (for example, many 
foamed plastics) where the gas 
occupies most of the volume. 

or fibrous materials in which 

the arrangement of fibers can be 
assumed to be approximately ran- 
dom, Schuhmeister* applied the 
following reasoning: Since the ar- 
rangement is random, the average 
fiber will have equal components 
projected on three perpendicular 
axes. Therefore, since two axes 
are ndicular to, and one axis 
is parallel to, the direction of heat 
flow, a Me average of the 
upper and 
ower limits, k, and k,, might be 
expected in the form 


1 2 
(5) 

3 3 
Baxter‘ and S and Cham- 
berlain’ managed to correlate some 
data on randomly arranged fibrous 
materials in this way, using nu- 
merical constants only slightly dif- 
ferent from 1/3 and 2/3. 

In the case of grains or - 
ders, various physical 
the resulting analytical expressions 
have been proposed, for example, 
Deissler and Fian* and Schumann 
and Voss.’ Deissler and Boegli* 
utilized a model consisting of 
and o} a relationship for the 
effective conductivity k in terms 
of any given values of k, and k,. 


This gives a ition of 
k between k, and k,. Results check 
well with experimental data which 
Deissler and Boegli obtained on a 
number of various powders. This 
solution is for only one value of ¢, 
¢ = 0.52. However, the contribu- 
tion is valuable in that it takes into 
account, by a numerical relaxation 
technique, the fact that the heat 
flow lines are not unidirectional in 
a nonhomogenous substance. 

The foregoing relationships 
express effective conductivity as a 
function of solid volume fraction. 
In fact, McAdams’ states, in gen- 
eral, that “For nonhomogeneous 
solids the apparent thermal con- 
ductivity at a given temperature 
is a = att the apparent or 
bulk density p,.” Equations (1) and 
(2), as well as relationships such 
as Equation (3), predict an increase 
in k with increasing ¢, as dk/d¢ is 
positive for k, > k,. Since the ap- 
parent density p, increases with 
solid volume fraction ¢, these re- 
lationships predict an increase in 
k with increasing p,. Therefore, 
for the same general type of physi- 
cal arrangement of material, it may 
be expected that the k of an actual 
cellular substance might increase 
as p, increases. This trend is re- 
flected in many experimental re- 
sults. For example, Harrington® 

ts data on effective con- 
uctivity of a foamed plastic which 
shows dk/dp, positive everywhere 
in the range of p, considered. In 
fact, Jacob” states, without quali- 
fication or statement of assump- 
tions involved, that the effective 
conductivity of a loose or ‘porous 
body “increases more than linearly 


with the apparent density.” 

All the foregoing considera- 
tions would appear to lead to the 
conclusions that the effective con- 
ductivity of a cellular material (a) 
can be correlated as a function of 
apparent density, and (b) will in- 
crease with increasing apparent 
density. However, these two con- 
clusions are not valid in general. 
The analyses discussed in pre- 
ceding are all based on the general 
approach of considering only pure 
conduction, neglecting any effects 
of radiation or convection. Pres- 
ence of appreciable radiation or 
convection changes the situation 
considerably. Here importance of 
cell size should be emphasized. As 
used here, the term cell size refers 
to the average dimension of gas- 
filled pores. Apparent density is 
not a unique specification of the 
state of a cellular material, since 
it is possible to have more small 
cells, or fewer large cells, at the 
same overall apparent density. Gas 


Fig. 1 Idealized cubical 
model of cellular material 
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cell size and apparent density must 
be considered as two independent 
variables, effective conductivity be- 
ing a function of these two varia- 
bles for any given type of sub- 
stance 


The influence of cell size on 
radiation heat transfer is illustrated 
by the following simplified case. If 


two large -body el flat 
plates, 1 and 2, mdicular to 
the direction of t flow, are at 


absolute temperatures T, and T: 
respectively, with T, > Tz, then 
heat will be transferred between 
them by radiation at the rate per 
unit area 

=e (Ti — Ty) (6) 
where o is the Stefan-Boltzmann 
constant. Now assume a thin third 
black-body plate, at an interme- 
diate temperature T;, inte 
between the other two. Then 

q=e (Ti —T;*) =e — TS 
( )=e( 

and as T,; > T; > Tse, it is clear 
that the heat transfer has been re- 
duced even though the interposed 
plate is of high emissivity and of 
negligible thickness or very high 
conductivity. Clearly, a larger 
number of cells per unit thickness 
through a material presents a 
pa impedance to radiation, as 

at must be absorbed and re- 
radiated more times. 

Nusselt"? made an analysis for 
cellular materials, assuming con- 
vection negligible and material ar- 
ranged in alternate plane layers of 
solid and gas ndicular to di- 
rection of heat flow. Although 
these simplifications limit the ap- 
plicability of the results, the ap- 


| 
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proach is of interest since it in- 
cludes the effects of radiation. 
When transformed into the same 

and notation as used 
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(8) 


, the result is 
K=1/} + 
where T,,, is the average absolute 
number 


temperature and n is 
of cells per unit length in the di- 
rection of heat flow. It will be 
noted that if radiation were neg- 
lected, Equation (8) reduces to 
Equation (2), as it should since the 
assumptions involved are then the 
same. Quantity n is significant in 
determining effects of radiation, 
and will be encountered again in 
the next section when certain gen- 
eral qualitative parameters are 
discussed. 


Convection is influenced by 
pore size, since the effects of gas 
circulation due to natural convec- 
tion will be greater in a larger cell. 
As used here, the “heat 
transfer by convection” means any 
heat transmission by the gas over 
and above the lower limiting 
asymptotic value represented by 
pure conduction through stagnant 
gas. Allcut"*, who made conduc- 
tivity measurements on many types 
of cellular materials, calculated 
percentage of heat transmitted by 
convection in his samples, but used 
a method which requires neglect- 
ing radiation. A significant parame- 
ter in convection is cell size c. This 

r will also be discussed in 
next section. 

An interesting of fibrous 
materials, in particular, fiber 
was made by Verschoor and Gree- 


[he/(1— #)] + (4e Ters'/n) 


vection, and radiation. The rela- 
tion assumed by Verschoor and 
Greebler can be obtained by tak- 


a a (2) and (a) neglecting 
¢/k,, so that 
k=k,/(1— 4) (9) 


(b) replacing this k, with an equiv- 
alent sum of the effects of gas con- 
duction, convection, and radiation, 
and (c) adding a correction term 
to account for what they found to 
be the “small amount of heat trans- 
fer due to the irre contacts 
between the fibers.” This contrasts 
with the work of Schuhmeister, 
whose Equation (5) takes into ac- 
count the through-conduction de- 
scribed by Equation (1). However, 
there are two reasons why longi- 
tudinal through-conduction along 
strands of solid fiber, included in 
Equation (1), may be suppressed. 
One is that it is possible that fiber 
"og has very poor thermal trans- 

at fiber contacts due to the 
microscopic properties of the 
strands. The reason is the in- 
fluence of fiber orientation. Sheets 
or bats of fibrous insulation gen- 
erally have a preferred orientation 
of the strands in the e of the 


sheet, due to pressing during form- 
ing. This nonrandom ow orien- 
tation would make such materials 


much better approximated by 
Equation (2) than by 


Equation (1). 


= 
bler.** that an 
| almost negligibly small percentage 
; of heat transfer takes place by 
3 solid conduction, the majority tak- 
ing place by gas conduction, con- 
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Fibrous insulating materials 
provide a good example of sub- 
stances in which radiation and con- 
vection cannot be neglected. These 
materials often show effective con- 
ductivity decreasing with increas- 
ing apparent density, as was true 
over the entire range of apparent 
density considered by Verschoor 
and Greebler. However, other data 
shows effective conductivity of 
various fibrous materials, textiles, 
and so on, increasing with increas- 
ing ager density. Foamed plas- 
tics show similar behavior; an in- 


crease in apparent density can pro- ing 


duce either an increase or decrease 
in effective conductivity, depend- 
ing on conditions. In fact, effective 
conductivity can go up or down 
with no change in apparent 
density. Additional independent 
variable cell size is here of para- 
mount importance. Data is pre- 


sented in the next section indicat- 
ing that not only is apparent 
density alone an insufficient i 
fication, but that it is often of less 
importance than the influence of 
cell size. 

QUALITATIVE PARAMETERS 


It can be seen from the foregoing 
discussion that large number of ap- 
proaches to the general problem 
are possible. In order to guide the 
analysis of any particular case, cer- 
tain qualitative eters can be 
developed which aid in determin- 
ing the importance of various 


modes of heat transmission, par- 
ticularly how each mode will vary 
with changes in cell size and ap- 
parent density. 

Consider a substance made up 
of a large number of randomly ar- 
— cells (an example would be 


oamed plastic). An idealized 


a 


Fig. 2 Thermal conductiv- 


ity versus apparent density 
for polystyrene foam at 70 F 
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model of sucl: a material can be 
taken to be as shown in Fig. 1. 
Cells are taken as cubes of Cc, 
with wall thickness t between cells. 
By considering a typical block such 
as enclosed by dashed lines, 
it follows that the density ratio 
will be 

= 1 — [1/(1 + t/c)*] (10) 
and the fraction of cross-sectional 
area for solid conduction will be 


f=1—[1/(1 + t/e)*] (11) 


where p, is the t overall 
density and p, is the density of the 
solid material. In the following, ps 
will be assumed constant. Clearly, 
ratio t/c, density p,, and fraction 
representing solid conducting area 
f, all increase or decrease together. 

Any excess of conductivity of 


material over the conductivity of 
gas in the pores must be due to 
additional contributions of solid 
conduction, radiation, and con- 
vection. 

Heat transmitted by solid con- 
duction is a function of f. As shown 
above, this increases with t/c. In- 
stead of t/c, the ratio p,/p, can 
be considered, as both increase or 

Heat transmitted by radiation 
is a function of the reciprocal of 
the number of cells encountered 
per unit length, 1/n. This is be- 
cause radiant heat flow is lowered 
when radiation cannot travel di- 
rectly across a space, but instead 
must be absorbed and reradiated 
by a number of intervening walls 
as discussed earlier. The general 


Fig. 3 Thermal conductiv- 
ity versus average cell size 


for polystyrene foam at 70 F 
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phenomenon might be called a 
cascade effect,” and 1/n repre- 
sents the freedom from cascade 
effect, or “directness” of heat flow. 

Heat transmitted by convec- 
tion is a function of two variables, 
cell size c, and 1/n. Larger cells 
can support more rapid circulating 
currents, while smaller cells re- 
strict them and promote a stagnant 
condition. The cascade effect also 
exists for convection, since a stag- 
nant film exists next to a solid 
boundary, so that each solid-gas 
interface creates a resistance to 
thermal transfer. 

Effective conductivity can 
therefore be expected to increase 
with three parameters: p,/p. (rep- 
resenting solid conduction), 1/n 
(representing directness), and c 
(representing circulation). Of 
course, the conductivity is not 
linearly proportional to the above 

eters, as these occur in the 
t-transfer equations in complex 
way. For example, below a certain 
cell size (about 1/16 in.), circula- 
tion is almost nonexistent. At least 
qualitatively, however, the con- 
ductivity should increase as the 
above parameters increase. 
From Fig. 1 


n(c+t)=1 (12) 
where n is the number of cells en- 
countered per unit length in the 
direction of heat flow. 

Equation (12) can be rewrit- 
ten in the form 


1fn=c (1 + t/e) (13) 


If (1 + t/c) is eliminated between 
uation (10) and (13), there re- 
sults 
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1 

[1/(1— (14) 
a (14) provides a simple 
relationship between the direct- 
ness, circulation, and solid con- 
duction parameters and emphasizes 
that conductivity is not a function 
of mt density only, cell size 
being another important factor. 
This concept is supported by data 
obtained by MclIntire and Ken- 
nedy **. They discussed improve- 
ment in insulating ability of poly- 
styrene foam on going from a larger 
cell size, such as was made during 
World War II, to a smaller cell size 
similar to foams in use today. The 
data on conductivity given by Mc- 
Intire and Kennedy are plotted in 
Fig. 2 as a function of density and 
Fig. 3 as a function of cell size. It 
can be seen that in the range of 
variables included in this data the 
conductivity is a stronger function 
of cell size than of density, since a 
single curve could be better fitted 
to the points of Fig. 3 than to those 
of Fig. 2. 

Parameters of Equation (14) 
can be used to analyze some par- 
ticular cases. First, consider the 
case where p, is held constant and 
c is increased. Then solid conduc- 
tion is constant, circulation is in- 
creased, and so by Equation (14) 
the directness must also increase. 
Conductivity will therefore in- 
crease. An experimental check is 
given by points A and E of Fig. 2. 

Next consider the case w 
c is held constant and p, is in- 
creased. Then circulation is con- 
stant, the solid conduction is in- 
creased, and so by Equation (14) 


=e 
3 
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directness must also increase. Con- 
ductivity will therefore increase. 
An experimental check is given by 
points B and C of Fig. 3. 
Finally, consider the case 
where t is held constant and p, is 
increased. If p, is increased, the 
ratio t/c is increased, but t is 
constant, so c is decreased. Equa- 
tion (14) or (12) then shows that 
1/n is decreased. Therefore con- 
vection and radiation are decreased, 
but solid conduction is increased. 
From this it is not immediately 
clear whether over-all conductivity 
is increased or decreased. How- 
ever, at very low values of p,, 
where the cell size is large, con- 
vection and radiation are present 
to a large extent, while solid con- 
duction is small. Hence an increase 
in p,, which would decrease con- 
vection and radiation (although in- 
creasing solid conduction), would 
be decreasing the mecha- 
nism of heat flow. The conduc- 
ductivity could, therefore, be ex- 
pected to decrease. Conversely, at 
very high values of p,, where cell 
size is small, the major contribu- 
tion to heat transmission is by con- 
duction, so that a reduction in this 
through a lowering of p, could be 
to decrease the conduc- 
tivity. Therefore, it might be pre- 
sumed that a curve such as shown 
in Fig. 4 would result, with a mini- 
mum conductivity at some opti- 
mum value of density. 
It would be difficult to obtain 
e ntal data on foams corre- 
sponding exa to constant t. 
However, consider the fibrous in- 
sulating materials such as mineral 
wool. Increasing the density is 
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often achieved not en ae 

diam of the strands, but simp sy 
compressing the material. Su 
substances, of course, 

widely from a cubical model of 
cellular materials. However, some 
data, obtained by Finck ** is shown 
in Fig. 5. The predicted behavior 
of thermal conductivity versus 
density checks with these results. 
This effect has also been noted by 
Wilkes** and more recently 
pen and Short.** As an application 
of this, if it is desired to obtain the 
max insulating effect from a fibrous 
material within a given available 
thickness of insulation, — 
should be used at its 

density. This is often a above 
the density at which such fibrous 
insulating materials are commonly 
sold. In fact, some fibrous mate- 
rials can be quite dense and still 
retain excellent insulatin r- 
ties. Certain types of fiber aa 
insulation, for example, appear to 
have their “optimum” density ap- 


Fig. 4 General 
variation of ther- 
mal conductivity 
versus apparent 


density for fibrous 
materials 
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in the range of be- 
tween ten and twenty Ibs per cu ft. 
A minimum conductivity at 
some “optimum” density may also 
be expected to exist in the case of 
some foamed plastics, since the 
above reasoning may well apply, 
at least qualitatively, even if the 
case is not one of exactly constant 
wall thickness. Some recently re- 
ported data support this conclu- 
sion; a curve of conductivity versus 
density given by Redman” is shown 
in Fig. 6. 
INFLUENCE OF PROPERTY 
VALUES 


Thermal conductivity of solid ma- 
terial will, of course, influence 
overall heat transmission. Even 
more important than thermal con- 
ductivity, however, may be the 
radiation characteristics of the solid 
material involved. Some heat is 
radiated directly across each cell 
from one side to the other. The 
emissivity of surfaces is therefore 
important. Also, some radiant heat 
may pass directly through thin cell 
walls. Radiant heat transfer will 
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be reduced if both emissivity and 
transmissivity can be reduced, for 
example, by adding aluminum 
powder fill to a ic foam. Such 
an addition would, of course, raise 
the thermal conductivity of solid 
material and so increase to some 
extent heat transmitted by solid 
conduction. The net effect may 
well be an improvement in insu- 
lating properties, however, if the 
fraction of cross-sectional area oc- 
cupied by the solid material is 
fairly small, as is often the case. 
The value of thermal conduc- 
tivity of the solid material gen- 
erally can be to be im- 
portant when the solid conduction 
parameter is relatively large, while 
the emissivity of the solid material 
can be expected to be important 
when the directness parameter is 
relatively large. 


of gas filling the 


uence over-all 
= ane This gas need 
not necessarily be air. If it is of 
high molecular weight, its conduc- 
tivity will wating be low. Its 
free-convection heat transfer would 


Fig. 5 Thermal con- fos = 
ductivity (milliwatts/ — 
em deg C) versus ap- = 
cm‘) for various fibrous 
materials 
— KAaPoK 
3 a—vJuTe 
+— BAGASSE 


08 42 
OENSITY (GM/CC) 


7 
Ths 
4 
i 
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be somewhat than air, 
largely because its “en oe is 
cient to 
However, since 
camvbethin is negligible in small 
cell , the net effect is gen- 
a lower heat transmission 
than with air. Considerable inter- 
est in insulation of this has 
arisen in connection with construc- 
tion of commercial refrigerators. 
With insulation of lower thermal 
conductivity, thickness can be re- 
duced and food storage area made 
larger for the same external refrig- 
erator dimensions. One problem, 
however, is diffusion of heavy gas 
out of, and air into, the insulation. 
A low- bility “skin” must 
surro and seal insulation of 
this type. 

It might be expected that per 
centage improvement in 
effect through use of a heavy gas 
would be greatest when the circu- 
lation, directness, and solid con- 
duction are all small; 
that is, when heat transfer is pri- 


marily by gas conduction. In the 


case of a fibrous material of con- 
stant strand diam the followi 


reasoning applies. At high density, 


heat transfer, largely through stag- 
nant gas conduction, will be re- 
duced, but at low density athe 
large pores can support some cir- 
culation, heavy gas will provide 
greater heat transfer than air. 
Therefore, it seems reasonable to 
ict that with a heavy gas “op- 
timum” — for a fibrous mate- 


MEAN-FREE-PATH EFFECT 
Another factor connected with cell 


size is utilization of molecular 
mean-free-path effect,” making it 
possible to lower thermal conduc- 
of material below the thermal 
uctivity of the gas in the pores. 
Since the early work of Smolu- 
chowski"* and others, this has been 
a subject of interest. Its application 
to the effect of cell size on effective 
conductivity can best be intro- 
duced as follows: 
First-approximation analysis of 
ms heat conduction by kinetic 
ry shows that thermal conduc- 
tivity of a gas is independent of 
its pressure. But this conclusion 
cannot hold true down to a com- 
plete vacuum, since absence of all 
gas molecules precludes any con- 
uction. At very low pressures, 
where the mean free path of gas 
melecules becomes comparable to 
the geometrical dimension of space 
enclosing the gas, the above sim- 
ple analysis (involving statistical 


assumptions requiring large num- 
bers of colliding much 


180 ASHRAE Transactions 
what higher values of apparent 
density. 
Fig. 6 Thermal conductiv- 
ity versus density 

| for polystyrene 
os 

38 

6 0 12 


vacuum, 
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more often with each other than 
with the walls) breaks down. Ac- 
cording to Jakob,”® such pressures 
are of the order of about 0.05 mm 
Hg for enclosing- dimensions 
encountered. Further 
analysis shows that at extremely 
low pressures, approaching a pure 
thermal 1 is 
linearly to pressure, 
approaching zero conductivity at 
zero density. Glass vacuum bottles, 
for example, are in this 
A plot of thermal conductivity 
k, versus pressure p, for a gas 
would appear as shown schemati- 
cally in Fig. 7. However, as men- 
tioned before, thermal conductivity 
actually begins to drop off at pres- 
sures where mean free path is com- 
parable to enclosing-space dimen- 
sions. The abscissa p in Fig. 7 is 
therefore not the 
ent variable; th conthichivity 
should be plotted as a function of 
the ratio of mean free path, A, to 
enclosing: ace dimension, c, that 
is, A/c. has the form of a 
Knudsen number, Kn. Plotting the 
thermal conductivity against 1/Kn, 
that is c/A, ate a curve of the 
same sha t emphasizes the 
fact that k is actually a function 
of the ratio c/X. If cell size, c, of 
a cellular material is of the same 
_ of magnitude as the mean 
th, A, air at 
conductivity of the material will 
enter the re; in which it can 


be decreased below that of still air 
even though pressure is not re- 
duced. But this requires extreme 
small pores, of the order of 
lionths of an inch. However, a few 


materials have been produced 
which do enter the range of this 
mean free path effect, and possess 
thermal conductivities less than 
that of still air. Examples are “San- 
tocel” brand silica pow- 
dered insulation, and “Min-K” 
brand molded insulation. Recent 
contributions to the study of this 

effect include Deissler and 
and Verschoor and 
ler® for fibrous aggregates. 


HONEYCOMB MATERIALS 


A honeycomb material consists of 
a hexagonal cell array of core sub- 
stance separating two facing sheets 
or skins. An of the ap- 
materials has been made by Dun 

kle, Gier and Bevans.” 

clade ob the 
air cell is so e compared to 
that of solid saatetad that it may 
be neglected, and the situation 
treated as two purely conductive 
resistances in series, that of the 
solid material in the core and that 


p OR 


Bs 
Fig. 7 General variation of 2 
tl 1 1 ti 
. 
reciprocal of Knudsen num- cn 
ber for a gas sh 


were 
a high conductivity. Neglect- 
heat transfer through the air 
cell is therefore ee approxima- 
tion, as solid conduction naturally 
redominates. However, many 
bs are made of laminated, 
resin-impre paper or glass 
materials, with much lower con- 
ductivities. In addition, these sub- 
stances often have surfaces of 
emissivity, quite contrary to 
shiny surfaces so often associated 
with aluminum, so that radiation 
across the cell cannot be readily 
lected. The correlation of Dun- 
kle, Gier and Bevans cannot, there- 
fore, be accurately applied to 


of this type. 
ark** suggests an 
mate approach for honeycomb ma- 
terials in general. He writes for 
the effective conductivity of the 
core, 

k= xbh/2 + (1—x) k, 


where h is the film coefficient for 
the honeycomb cell, k, is the ther- 
mal conductivity of the solid ma- 
terial, b is the core thickness, and 
x is that fraction of the area that 
is gas. The first term in tion 
(15) represents heat transfer throu 

the gas cell of the honeycomb, 
which is accomplished by convec- 
tion currents, gas conduction, and 


(15) 


radiation. Since there is a resist- 
ance to heat flow at each solid- 
interface bounding the cell, 
term is com of the sum of 
1/h, or 2/h. It is multiplied by x 
to account for the ional 
of the area 
The value of h in tion 
(15) is a function of core thickness 
b, cell size, temperature pattern, 
and cell wall properties. The value 
of h could be expected to lie be- 
tween two limiting values. The 
lower limit would be the h-value 
equivalent to conductivity of a gas 
space equal to core thickness (with 
no radiation or convection pres- 
ent). The upper limit would be the 
uivalent value for a gas space 
ite in two dimensions** but of 
thickness equal to the core thick- 
ness, convection and radiation be- 
ing present. Mark suggests that, 
as a first approximation, a simple 
means of these two limits be used, 
and presents experimental data on 
plastic honeycombs showing good 
correlation with this approach. 
Considering independent vari- 
able cell size, heat transfer by both 
convection and radiation is reduced 
when cell size is reduced. The re- 
duction in convection is due to the 
small which limits gas circu- 
lation. The reduction in radiation 
can be seen by examining the radi- 
ation equation. 
F (Ts — (16) 


where F is a factor d ing on 
the emissivities of surfaces involved 
and the geometrical configuration 
or shape. A honeycomb is basically 
different from foamed, fibrous, or 


: of the bond (which cements core 
to skin). Dunkle, Gier and Bevans 
succeeded in correlating experi- 

| mental results for a large number 
of honeycomb specimens based on 
this approach. However, material 
property values, as well as the solid 
volume fraction, are here of con- 
siderable importance. Their sam- 
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granulated materials in that only 
one cell exists from one side to 
the other. The “directness” for ra- 
diation as i defined; i.e., 
1/n, is therefore the same for all 
honeycombs. However, the radia- 
tion is influenced by the geometri- 
cal ratio of. cells (ratio of 
cell ess to equivalent cell 


diam). For the gas of a honey- 
comb core, F depends upon some 
equivalent cell length, 


and emissivity of cell walls. Spe- 
cifically, F is proportional to the 
equivalent cell diam to cell length 
ratio, cell length being the core 
thickness. Consequently, —s 
the cell size reduces F, indicatin 
reduction in heat transferred ; 
radiation across the core. 

If the cell size is ge 
increasing the number of 
rather than by increasing thickness 
of the cell walls, and if x in Equa- 
tion (15) is not decreased appre- 
ciably, then as the cell size de- 
creases the conductivity of a honey- 
comb. core could be e to 
decrease. This has also pre- 
dicted elsewhere.** However, as 
the cell size is decreased, x in 

uation (15) may decrease a 
Then the size 


would be equivalent to replacing 
conduction ugh gas with con- 
duction through the solid core ma- 


terial. Since the conductivity of 
solid-core material is normally 
greater than that of gas, conduc- 
tivity of the core might increase; 
in other words, the increase in heat 
transferred by conduction might 
more than balance the reduction in 
radiation and convection. Some 
data exist which substantiates 


this.*-*° As neither extensive test 
data nor exactly appropriate theo- 
retical equations are ‘aa at 
the present time, it is not possible 
aw a general conclusion on 
the effect of decreasing honeycomb 
cell size on effective conductivity. 
Comparing the honeycomb 
core with a material such as a 
foamed plastic, it could be e: 
that the honeycomb would not be 
as good an insulator, since the 
plastic foam is made up of a large 
number of very small air cells (i.e., 
less directness and practically no 
circulation). uently, heat is 


ane 
snd 


the foamed plastic, whereas con- 
vection, as well as direct radiation 
and often greater solid conduction, 
may be present to a larger extent 


in the honeycomb core. 
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a=factor defined by Equation 
(4), dimensionless 

b=core thickness of honeycomb 
material, in. 


. Applications 


c= cell size, in. 

F = factor in radiation equation, 
dimensionless 

h=film coefficient of skin 


F 
k= thermal of cellu- 
in/hr ft deg 


ent mixture, 
ft deg F 


conductivity of gas, 
Btu in/hr ft deg F 

k, thermal conductivity of solid 
material, Btu in/hr ft’ deg F 

parallel to heat flow, in. 

p= pressure, mm Hg abs 

flow rate per unit area, 

Btu/hr ft* 


t= wall thickness, in. 

Taw temperature in cellu- 
lar material, deg R 
T,—temperature of intermediate 

flat plate, deg R 
temperature of warmer fiat 
plate, deg R 
temperature of cooler fiat 
plate, deg R 
x= fraction of honeycomb area 
occupied by gas, dimensionless 
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Btu/hr ft* (deg R)* 
¢@=solid volume fraction, dimen- 
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Heat Transfer 
through Mineral Wool Insulation 
in Combination with Reflective Surfaces 


Cc. E. LUND 
Member ASHRAE 


Transfer of heat through air spaces 
used in building construction takes 
place by radiation, conduction and 
convection. Under certain condi- 
tions of | rature and direction 
of heat flow, resulting from the re- 
duction in convective heat, the 
transfer of heat by radiation may 
eee To in- 
crease ermal resistance of in- 
sulated structures, there has been 
a trend in recent years to combine 
the reflective surfaces with mineral 
wool insulation. This has intro- 
duced certain questions: 
1. How accurate are conven- 
tional calculations of heat gains 
and losses through insulated 
frame structures? 


2. How effective are reflective 


C. E. Lund is Professor and R. M. Lander 


prepared for presentation at the 
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February 13-16, 1961. 


R. M. LANDER 


materials when used with min- 
eral wool insulation under dif- 
ferent conditions of heat trans- 
fer? 


Experimental studies con- 
ducted in the past have provided 
some information. Present methods 
of calculation assume that the tem- 
perature gradient through framing 
members is linear and independent 
of adjacent air spaces and insu- 
lating materials. These methods, 
g heat transfer to joist 
interfaces, also assume that heat 
transferred within stud or joist 

is between two infinite par- 
el surfaces. Previously it has 
been assumed that temperature 
varied linearly along enclosed joist 
surfaces when the direction of heat 
transfer is downward through a 
joist space, and that there is neg- 
ligible natural convection of air. 
Heat transfer is then primarily by 
radiation and conduction. 
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} 
be a 
ue Ne Research Associate, Department of Mechanical 
=> Engineering, University of Minnesota. This F 
> 


A theoretical * has been 
made of heat transfer downward 
ical space and 

on hs It was found that radiation 
between the surfaces surrounding 
air creates convection cur- 
rents use of temperature varia- 
tion along the joist interface, which 
deviates the linear variation. 
The . modified calculated values 
a uite closely with e 

esent methods of calculation. 

owever, to obtain the heat trans- 
fer by this new method involves a 
series of complicated and laborious 
calculations involving some intri- 
cate equations. 


Guarded Hot Box — Thermal con- 
ductances of built-up panels 
resenting walls, ceilings, and Woes 


1 Downward Heat 
Chung and Land. (i (Heati 
Air Conditioning, December 


ating. Piving and and 
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of residential construction for both 
summer and winter conditions were 
measured by a guarded hot box 
apparatus. It was also used on a 
-roof-ceiling combination 
winter test condition. Its de- 
sign complies in all essential details 
with ASTM Designation C236-54T: 
“Tentative Method of Test for 
Thermal Conductance and Trans- 
mittance of Built-Up Sections by 
Means of the G Hot Box.” 
In Fig. 1, the guarded hot box is 
mounted on horizontal trunnions 
so the test 1 can be rotated in 
any deitinih gh lane. The panel is 
sso within the outer or guard 
x and held rigidly against the 
heat metering box, using a rubber 
gasket as a periphery seal. The 
apparatus is located in a room 
which can be maintained at tem- 
peratures from 10 to 100F and 
controlled to within 0.1 F. 
Thermal conductances of test 


TW 


| FAN AND HEATERS 7 TEST AREA 32x60" 
2 GUARD AREA 8 GUARD 80x 
3 RUBBER GASKET 9 GUARD SPACE 
4 HEAT METERING BOX 10 TEST PANEL S-6x6-0 
5S BAFFLE 1) OMFERENTIAL THERMOCOUPLES 
6 FAN ANO HEATERS 12 HAIR-FELT SEAL 
13 24 GUAGE THERMOCOUPLES 
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Fig. 1 Tilting guarded hot box apparatus 
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panels are determined for a par- 
ticular set of warm and cold side 
air temperatures by measuring the 
steady state heat flow rate through 
a panel. Twenty differential ther- 
mocouples, located in the center 
of equal areas, are connected in 
series to form a thermopile which 
indicates the average temperature 
difference, and hence, the net heat 
flow between the metering and 
guard boxes. Temperature of air 
in the guard box is regulated, so 
that the thermopile reading — 
not exceed 0.05 F, Brn 
than 0.01 F. Thus, heat transferred 
through the walls of the metering 
box is negligible. 


The test section through which 
metered heat equals the 
area of the metering box, 32 in. 
wide and 60 in. long (13.33 sq ft). 
It includes two 16-in. framing sec- 
ae 5 ft long. The remainder of 

1, designated guard sec- 
tion, "bee one framing space on 
each side of the test section and 
16 in. at the end of each of two 
center framing sections. Air is cir- 
test panel surface 

metering box at ap- 

40 fpm in a direction 
that tends to aid natural convec- 
tion. Metering box air temperature 
can be regulated between 60 and 
160 F with a differential of 0.05 F. 
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Heat input to the metering box is 
measured by a watthour meter 
readable to 0.1 watthour. It meas- 
ures total electrical energy con- 
sumed in the metering box, which 
includes energy dissipated by heat- 
ing elements, auto transformers, 
fan motor and a small relay. 

Tests were conducted in a 24- 
hr period, readings taken at half hr 
intervals. The final results are based 
upon uniform heat input and con- 
stant panel for a dur- 
ation of a least 8 hr. Thermocouple 
voltages were measured with a 
manually operated precision poten- 
tiometer. Tests on the same panel 
on succeeding days without shut- 
down yet agreement to within 
0.5%. 


Guarded Hot Plates — To measure 
thermal conductivities of the test 
panels’ principal components over 
a range of mean temperatures, 


guarded hot plates were uscd. The 


apparatus with ASTM 
Designation C177-45: “Thermal 
Conductivity of Materials by Means 
of the Guarded Hot Plate.” These 
were two different hot plates: a 


12-in. atus for less 
than 1.5 in. thick and a 24-in. ap- 
atus for up to 4 in. 


ck. Tests could be conducted at 
any mean temperature between 
zero and 200 F, with the tempera- 
ture difference across the test spec- 
imen being 50 F. 


Determination Appara- 
tus — Emissivity determinations 
have been made on the different 
membranes used in the test pro- 

and on ns the 
Fie. e Tests. appa- 
ratus these studies 
radiometer (Fig. 2) develo by 


the Heat Transfer Div of De- 
t of Mechanical Engineer- 
ing, University of Minnesota. 


204”. 
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—A 
ge ting combination 
evith a special heat meter was con- 
structed to simulate an attic 
with no flooring (Fig. 3). Tests 
were conducted for both summer 
and winter conditions. 


Summer tests (heat flow down) of 


were made in the constant tem- 
perature room. The heat flow was 
induced by electrically heated alu- 
minum plates attached to the out- 
side ace of the roof. The con- 
stant temperature room was the 
heat sink or cold side environment 
of the test tus. Above the 
roof (not shown in Fig. 3), on the 


gable and periphery of the ceilin 
panel, 3-in. insulation was we 
so the bulk of heat would pass 
down through the ceiling. Actual 
heat flow rate throu ceiling 
was measured by a meter in- 


For winter tests (heat flow 
up), aluminum heating plates and 
guard insulation were removed, 
and the a tus was installed on 
the hot box. The heat 
meter was omitted. 


Heat Meter—Fig. 4 shows the heat 
meter, which is a ¥%2-in. gypsum 


Fig. 4 Heat meter construction 


96" 
60* 
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72" GYPSUM BOARD : 

TYPICAL THERMOCOUPLE STRING (NO. 30 GAGE) . 

——— COPPER 

-------- CONSTANTAN 
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spaced 

per-constantan differential 

couple junctions connected in 
series. 


consists of 2%-in. mineral wool, 
the heat meter adjacent to the hot 
box and %-in board on 
the cold side. panel contains 
no joists or air spaces, so heat flux 
is essentially uniform. The heat 
meter was calibrated at 30, 40 and 
50 F on the cold side and at 80F 
on the warm side. Additional tests 
were made to evaluate the effect 


to the next, over a a 
proximately to that of of mean temperature on heat meter 
test section in the guarded hot box calibration. These results showed 
(Fig. 5). that calibration is a linear function 
A panel shown in Fig. of temperature. Readings through- 
5 was used for calibrating the heat out the test program were thus cor- 
meter in the guarded hot box. This rected for the mean temperature of 
Fig. 5 Heat meter calibration panel 
2 XO" FRAME WORK 
172" BOARDS) 
OUTLINE OF | | 
Test section! | i 
| 
t 
| 
| 
ee" 


Live" GYPSUM BOARD \ pe 
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board containing nine uniformly 
. heat meter located concentrically 
with the test panel is 16 x 54 in. 
Thus, the heat meter is effective 
from the center of one joist space 

TERMINAL BOARD HEAT METER 
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the meter. Interior finish in all of 


the tests was simultane- 
ously by the heat meter for heat 
flow down and the majority of tests 


flow horizontally and heat 

. Heat flow rate, therefore, 
was 0 by both the hot box 
and heat meters. 


DESCRIPTION OF TEST PANELS 


The basic test frame (Fig. 6) con- 
sists of 2 x 8-in. joists, 16 in. on 
centers for the ceilings. Walls are 
2 x 4-in. studs, 16 in. on centers. 
Interior finish is %-in. gypsum 
board, and the exterior % -in. ply- 
wood, the latter representing floor- 
ing when used in ceiling panels or 
the exterior finish for wall panels. 
All frames have an outside dimen- 
sion of 5.5 x 8 ft with a 

blocked-off test area 32 x 60 in. 


Fig. 6 Basic test frame 


s'- 0° 


Joists or studs constitute the exte- 
rior of the test area in the 60-in. 
direction with %-in. soft pine 
headers between framing at each 
end. Isolation of 
necessary to t tion 
air and outer 
guard areas. Peri of the outer 
guard aren Fig 7) is further insu- 
ted with 2-in. insulation, a pre- 
cautionary measure to reduce the 
effect of radiant heat transfer from 
the periphery of the test area. 

Two methods were used for 
applying insulation. “Laboratory 
Applied,” designated T L, is 
principally used throughout these 
studies to eliminate as many varia- 
bles which are normally found in 
“Field Applications.” Mineral wool 
without any attached membranes 
or envelopes was selected for uni- 

formity in density and thickness 
from a single source of supply. In- 
stallation was carefully e to in- 
sure that insulation was installed 
snugly between framing members. 
A series of thickness were 
taken gti installation before 
placing the 1 in test. Surface 
ly cut to 

exact wid S 
cial precautions dwn taken that 
surface membranes lay flat and in 
contact with the exterior surface of 
the insulation and with edges taped 
in place. 

Panels “Field Ap- 
plied” or Type F are r com- 
mercial of insulation, envel- 

with reflective or non-reflec- 
tive types of membranes. Insula- 
tion was installed according to the 


manufacturer's recommendations, 


| 
4 
| 
s'-6" 
THERMOCOUPLE 


sealing did not alter the emissi 
of the enclosing membrane. on 


face in the panel midway between 
framing members at the midsection 
of the panel. 

Five types of , combined 
with different and types 
of insulation having reflective and 
non-reflective type membranes 
were used (see Fig. 7). 

A. 2 x 8-in. ceiling joists with flooring. 
B. 2 x 4-in. wall studs. 
C. 2 x 8-in. ceiling joists without floor- 


ing. 

D. 2x 8-in. ceiling joists with reflective 
insulation only within the center of the 
joist space. Three different types were 


included. 

E. 2x 8-in. ceiling joists with insulation 
enclosed in a membrane and flanged 
to the sides of joists. 


Fig. 7 Types of test panels 


| 


A — 8" JOIST WITH FLOORING FOR CEILINGS 


prywoc 


B - 4" STUDS FOR WALLS + cvesuw 


wooL 


Cc — 8" JOIST NO FLOORING FOR CEILINGS 
WITH GABLED ROOF 


D — 6" JOIST INSULATION IN CENTER JOIST SPACE 
FOR CEILINGS 


E — 6” JOIST INSULATION FLANGE FLUSH JOIST 
FOR CEILINGS 
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except header ends of membranes 

were sealed to prevent air leakage 

around ends of insulation. Because 

similar ~ materials were used, 

Temperature measurements 

were taken with 30-gauge —, 

constantan thermocouples. Surface 

used to compute the 

conductance value, are an average 

obtained from readings at six dif- 

ferent points on warm and cold 

surfaces of the panel. Locations of 

| these points are shown in Fig. 6. 

Additional temperature measure- 

ments were taken at each inter- 

| 
~ 
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Panel 


TABLE |! 
DESCRIPTION OF PANELS WITH TYPE L APPLICATION: 
Th In. Type Of Reference 
Insulation Air Space Membrane Figure No. 
Walls — 2 x 4-in. Studs — Heat Flow Horizontal 

None 3.625 Foil 78 

2 1.625 Kraft 7B 

3 0.625 Kraft 7B 

2 1.625 Foil 78 

3 0.625 Foil 78 

Ceilings — With Flooring — 2 x 8-in. Joists — Heat Flow Up 

None 75 None 7A 

None 75 Foil 7A 

2" 55 Kraft TA 

4" 35 Kraft TA 

_ 55 Foil 7A 

4" 35 Foil 7A 

Ceilings — with Flooring — 2 x 8-in. Joists — Heat Flow Down 

None 75 None 7A - 

2 55 None 7A 

2 55 Foil 7A 

2 55 Kraft 7A 

3.5 Kraft 7A 

4 35 Foil 7A 

15 Kraft 7A 

6 15 Foil 7A 

None 75 Foil 7A 

None 75 Special (3) 7A 

None 75 7A 

None 75 4 7A 

2 55 7A 

2 5.5 7A 

4 3.5 TA 

4 35 7A 

4 35 7A 

Attic Ceilings — No Flooring — 2 x 8-in. Joists — Heat Flow Down 

None See None 7c 

None Note? Foil 7c 

2 Kraft 7c 

4 Kraft 7c 

6 Kraft 7c 

2 Foil 7c 

4 Foil 7c 

6 Foil 7c 

Attic Ceilings — No Flooring — Heat Flow Up 

2 See Kraft 7c 

4 Note” Kraft 

2 Foil 

4 Foil 7c 

insulation and 


1 Type L Application consists of 
membrane applied individually for uniformity. 
? Insulation exposed to attic air. 
3 Membranes with different em 


ra 
4 4 
oad 


ASHRAE TraNsACTIONS 


The program consisted of the 
combination of tests: 
lL. No insulation and 2, 4 and 6-in. 
mineral insulation 


aluminum 
trianguls ON PANEL COMPONENTS 


two sheets Thermal conducti tests were 
backing of conducted upon component 
aluminum foil was used in the test panels, except the 


TABLE Il 
DESCRIPTION OF mew FLOORING ON 2 «x 8-IN. 


TYPE F APPLICATION’: 


Panel Insulation and Type of Application Cold Warm Reference 
Side Figure No. 
Heat Flow Down 
101 2 in. Kraft enclosed, flanged on Joist edge No Yes 7A 
102 in. Foil No Yes 7A 
103 in. Kraft No Yes 7A 
104 3 in. Foil No Yes 7A 
105 Type X Reflective, center of joist space Yes Yes 7D, 8 
106 Type Z Yes Yes 7D, 8 
107 2 in. Kraft enclosed, flanged in joist space Yes Yes 7E 
108 2 in. Foil Yes 7E 
109 3 in. Kraft “ Yes Yes 7E 
110 in. Foil Yes Yes 7E 
Itt = Type Z Reflective, flanged on joist edge No Yes 7A, 8 
112 Y* Reflective, center of joist space Yes Yes 8 
113 Z Reflective, center of joist space Yes Yes 7D, 8 


ti 


: placed in the center of the air space 
and separated by an air space % in. 
a from the two outside sheets. Two air 
4 spaces were each faced with one kraft 
ve and non-reiiective types Type 
4 i Z two 
membranes, applied independently to = aiuminum foil with a sheet of kraft 
j paper midway between an air space 
the air space. These tests are ot approximately 114 in. separating the 
“Laboratory Applied” or Type L. Sell. 
2. “Field Applied” tests, designated 
Type F, 2 and 3-in. thick batt insula- Details of panels included in 
tion enclosed in reflective and non- this program have been listed in 
reflective membranes. Tables I and IL. 
of reflective insulation, 
3 Y, Z, (Fig. 8) were installed in RESUIL THERMAI 
the center of the joist space. Type X TS OF 
j foil separated 1% in. by 
kraft paper and T 
of aluminum foil 
d kraft paper as the 
A third sheet of 
115 
116 
2Type F application consists of insulation 
. “as received”. 
; * Special precautions taken to obtain a good 
installation in this nane!. 


TABLE Ill 
AVERAGE THERMAL CONDUC- 
TIVITIES OF PANEL COMPON- 
ENTS AT DIFFERENT MEAN 


TEMPERATURES 
Mean Temperature, F. 
Material 75 100 125 «150 
Plywood 0.746 0.761 0.776 wre 
Gypsum Board 1.40 1.40 — 
Mineral Wool 


Insulation 0.267 0.288 0.309 0.330 


members. These were as- 
sumed to have conductivity K= 
0.89, as recommended by the ASH- 
RAE GUIDE. Thermal conduc- 
tivity coefficients of representative 
om of the %-in. gypsum 

the %-in. plywood, and 
persone wool insulation were de- 
termined over a range of mean 
temperatures by the Guarded Hot 
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An additional series of thermal 
conductivity determinations was 
conducted upon the mineral wool 
insulation to establish the variation 
in the thermal conductivity coeffi- 
cients which may be anticipated 
between the different lots which 
were received. Three different 
mean temperatures were used. Be- 
fore tests on mineral wool enclosed 
batts, kraft paper or reflective cov- 
erings were removed. Results are 
in Table IV. Maximum variation 
in thermal conductivity coefficients 
of the mineral wool insulation is 
only 5.3% for mean temperatures 
of 75 and 100F and 5.9% for 125 
M.T. Considering the insulation 
‘was received at intervals over a 
period of approximately two years, 
thermal conductivity variations are 
well within the tolerances which 


Plate method. Results of these tests may be expected of commercial in- 
are shown in Table III. sulations. 
TABLE IV 


THERMAL CONDUCTIVITIES OF DIFFERENT MINERAL 
WOOL SPECIMENS AT VARIOUS MEAN TEMPERATURES 


Thermal conductivity Btu/hr-ff?-F/in. 
Material Type’ Density 75 100 125 
2 in. Mineral Wool a 3.06 0.266° 0.287 0.309 
2 in. Mineral Wool b 2.98 0.263 0.284 0.305 
3 in. Mineral Wool a 3.17 0.262 0.282 0.302 
4 in. Mineral Wool b 2.96 0.266 0.289 0.311 
2 in. Kraft enclosed 
Mineral Wool b 2.97 0.266 0.287 0.308 
3 in. Kraft enclosed 
Mineral Wool b 3.35 0.264 0.285 0.306 
2 in. Foil enclosed ; 
Mineral Wool b 2.81 0.272 0.294 0.317 
3 in. Foil enclosed 
Mineral Wool b 3.54 0.258 0.279 0.299 
Average 3.11 0.265 0.286 0.307 
Max. Variation %/, +14 +26 +428 +3.3 
Min. Variation % —96 —2.7 —25 —2.6 
‘1 a—-Material received prior to July 1. 1957. 


b—Material received after July 1. 1957 
? Average of 11 tests. 


4 


THERMAL TRANSMITTANCE THROUGH WALLS FOR 
SUMMER AND WINTER CONDITIONS: 


Insula- 

Panel tion Panel Temp F Air Space Test Guide 

No. In. Mean Diff. Mean Diff. Cc u* U'/U 
Reflective Membranes — Type L Application 
30 0 1184 66,7 174 343 0.267 0.213 0.212 1.00 
30 0 94 41.3 4996 213 0.230 0.193 0.209 1.08 
33 2 118.2 76.7 1404 184 0.109 0.099 0.088 0.89 
33 2 484 48.5 33.9 116 0.093 0.086 0.088 1.02 
34 3 118.3 774 146.7 90 0.097 0.089 0.072 08! 
34 3 446 4946 295 43 0.081 0.076 0.072 0.95 
Kraft Membranes — Type L Application 

31 2 1184 749 144.7 5.7 0.130 O.115 0.102 0.89 
31 2 48.9 374 316 44 0.104 0.095 0.102 1.07 
32 3 1184 76.9 14846 35 0.103 0.094 0.080 0.85 
32 3 484 48.9 29.2 30 0.064 0.078 0.080 1.03 

*U Values based fi = 1.46, fo = 4.00 

for summer; f: = Lae. fe = 6.00 for winter. 

1 Summer conditions: t: = 75 F, to = 160 F. 

Winter conditions: t: = 75 F, to = 20 F. 


for the Guarded Hot V through IX. Winter conditions 


closing insulation for the Type F 

application has an average emis- binations with and without attic 
sivity of 0.023. Precautions were flooring.” For summer conditions 
exercised in handling reflective ma- the outside air temperature was 
terials to avoid changing surface maintained at 160 F for “horizontal 
issivity. Further tests on mate- heat flow through the walls.” “Heat 
rials exposed to normal handling flow down through floored ceilings” 
showed no significant change in had air adjacent to the flooring 


I and II are summarized in Tables 


were conducted with outside tem- 


maintained at 130 and 160F for 


TABLE V 


HEAT FLOW HORIZONTAL 
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RESULTS OF EMISSIVITY RESULTS OF TESTS 
TESTS 
Results of thermal conductance 
| Emissivity tests of kraft paper or tests on panels described in Tables 
aluminum foil membranes used in 
. Box Tests produced the following 
results: perature 20F for “horizontal heat 
Emissivity _ Avg. 
Type Membrane Temp. F. Range Emissivity 
Kraft 201 -869—.873 871 
L Perforated foil on kraft paper 204 -029—.033 .032 
F Kraft 205 877 
F Perforated foil 210 023 
' Perforated aluminum foil en- flow through walls,” “heat flow 
| emissivity of surfaces. 


each of the panels. A limited num- 
ber of tests were conducted at 
100 F. These were discontinued in 
order to reduce the number of 
tests, and since the results added 
no significant information not ob- 

at the two higher tempera- 
tures, they are not included. For 


ceiling and attic combinations, out- ~ 


side surfaces of the roof were 
maintained at 130 and 160F to 
simulate summer conditions with 
exposure to solar radiation. Inside 
air ratures were maintained 
at 75 F in all tests. 

Six individual thermocouple 

ings were recorded for each 
of four temperature conditions: in- 
side air temperature, outside air 
temperature, surface temperature 
of the ¥%4-in. gypsum board, and 
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TABLE Vi 


surface % -in. 
plywood. Averages of 
were used in the final 
cations of surface thermocouples. 
are shown in Fig. 6. They are the 
surface temperature readings used 
in calculating conductances of pan- 
els determined by tests. 
The conductance designated 
“C” in the Tables is determined as 
follows: 
H 
c=— (3) 
Cun 1 conductance b 
test, Btw/hr-ft-F 


THERMAL TRANSMITTANCE THROUGH CEILINGS 


FLOORING — HEAT FLOW UP’ 


Insula- 
Panel tion Panel Temp F Air Space* Test Guide 
No. In. Mean Diff. Mean Diff. Cc u* 
Reflective Membranes — Type L Application ‘ 
25 0 492 40.9 4994 224 0.269 0.203 0.201 0.99 
28 2 484 48.9 30.8 114 0.093 0.083 0.082 0.99 
29 a 48.2 50.9 28.8 72 0.058 0.054 0.055 1.02 
Kraft Membranes — Type L Application 
24 48.6 35.2 524 15.3 0.431 0.282 0.264 0.94 
26 2 48.4 48.4 314 5.3 0.103 0.090 0.091 1.01 
27 484 505 26.8 2.7 0.062 0.058 0.058 1.00 
Reflective Insulations — Type F Application 
114 Y 48.3 474 0.092 0.085 
OX 0.136 0.108 0.085 
“1 4715 112 0.116 0.095 0.085 


H = measured heat flow = 
rate, Btu/hr-ft’ 
4ts = surface temperature ae 
difference F 
Transmittance coefficient “U” .. 
is determined by adding oe 
surface coefficients, recommended be 
* U values based upon fi = fo = 1.63 for heat , Be 
flow up. 
3 Winter conditions: ti = 75 F, to = 20 F. bs a 
3 Where = air space mean temperatures are ae 
shown, insulation was flanged between a 
joists. 
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TABLE Vil 


THERMAL TRANSMITTANCE THROUGH CEILINGS WITH 
FLOORING — HEAT FLOW DOWN’ 


0.046 
0.046 
0.044 
0.044 
0.044 
0.046 
0.046 


5% 


Kraft Membranes — Type F Application 
103.2 
119.4 
103.3 
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Panel Panel Temp F Space’ T Guide 
tion ‘emp Air ‘est 
No. In. Mean Diff. Mean Diff. Cc u* 
bs Reflective Membranes -- Type L Application 
19 0 103.8 46.1 102.1 36.) 0.138 0.110 0086 0.77 
iW 0 120.0 68.9 1173 54.1 0.146 0.115 0.086 0.74 
3 2 103.2 49.1 112.7 224 0.081 0.071 0.050 0.75 
3 2 118.4 76.1 133.8 33.7 0.0865 0.073 0.050 0.73 
9 4 103.5 50.0 119.2 13.8 0.055 0.050 0.043 0.86 
9 a 1184 783 143.5 20.3 0.058 0.053 0.043 0.76 
13 6 103.0 514 1220 9.5 0.045 0.042 0.038 0.90 
| 3 6 1184 795 149.7 136 0.047 0.043 0.038 0.88 
; Reflective Membranes — Type F Application 
102 2 1034 48.5 114.7 «18.1 0.087 0.075 0.056 0.75 ; 
: 102 2 1190 749 136.9 26.3 0.091 0.078 0.056 0.72 
108 2°* 103.0 50.3 118.0 an 0.071 0.063 0.046 0.73 
1 
104 3 103.4 49.1 1174 143 0.075 0.066 0.048 0.73 
104 3 1188 76.0 141.0 20.9 0.079 0.047 0.048 0.72 
110 30° 103.0 504 119.3 ye 0.069 0.06! 0.041 0.67 
82.7 
105 x 103.6 48.46 116.5 16.0 0.082 0.07! 0.65 
87.6 148 
105 x 119.0 75.0 139.7 23.0 0,088 0.076 0.61 
949 235 
106 4 103.0 49.2 118.7 119 0.073 0.064 0.69 
88.7 17.4 
106 z 118.9 762 142.7 17.3 0.073 0.068 0.65 
96.2 274 
it z** 1034 47.0 112.6 18.0 0.128 0.103 0.43 
112 ye 103.2 50.1 117.7 15.2 0.072 0.064 0.72 
86.7 15.3 
113 ys 103.0 50.3 0.070 0.062 0.74 
a Kraft Membranes — Type L Application 
1 105.3 346 1005 161 0.95 
0 1224 532 1158 232 0,428 0.93 
2,5 2 100.6 40.9 119.1 46 0.125 0.84 
2,5 2 119.3 72.8 143.3 65 0.126 0.83 
a 8 4 103.3 49.4 1235 2.7 0.072 0.86 
ia 8 4 118.8 767 1500 3.9 0.075 0.83 
12 6 103.1 51.0 126.3 2.0 0.052 0.89 
12 6 1186 78.8 1628 28 0.054 0.86 
1 101 2 
101 2 
J 107 2 
82.4 
F 103 3 103.4 48.4 122.0 
‘ 103 3 118.2 74.5 147.9 
109 3° 103.2 49.5 
upon ASHAE E Calculations. 
2 Summer conditions: ti = 75 F te = 130 
| and 160 F, except those designated with ** 
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TABLE Vill 


THERMAL TRANSMITTANCE THROUGH CEILINGS WITH- 


Insula- 


OUT FLOORING AND WITH ATTIC — HEAT FLOW DOWN 


Panel tion Panel TempF Temp F Test 
No. Mean Diff. Inside Attic Cc 
Reflective Membranes — Type L hennton 

0 823 22 75 1184 0.172 0.161 0.94 
0 864 34 75 141.7 0.172 0.161 0.94 
48 2 90.9 248 75 121.9 0.160 0,085 0.076 0.89 
48 2 100.4 39.3 75 146.9 0.167 0.067 0.076 0.87 

49 4 944 334 75 123.2 0.084 0,058 0.052 0.90 
4g 4 1054 52.8 75 149.2 0.088 0.059 0.052 0.88 

50 6 98 37.5 75 132.9 0.056 0,043 0.041 0.95 

50 6 107.9 58.6 75 1504 0.059 0.045 0.041 0.91 


for different conditions of heat flow 
by the ASHRAE GUIDE, to the 
test conductance “C.” 


(4) 


Following is a summary of the 
surface coefficients used: 


— 1.46 


Win 
f, = 1.08, 


Summer 


Two outside surface tempera- 
tures of the panel, measured at the 
surfaces of the 4 -in. board 
and the %-in. plywood, were used 
to determine the panel mean tem- 
peratures and temperature differ- 
ences. For “ceiling-attic combina- 
tion without flooring,” the outside 
surface temperatures were taken 
at the top surface of the insulation, 


Heat flow horizontal 


f.=1.08 for kraft 
f. = 0.22 for reflective 
1.68 for kraft 

f,== 0.76 for reflective 


2 

Kraft Membranes — Type L Application = 
0 2.9 58 75 110.3 2.710 0450 0.406 0.90 

2 98.8 37.4 75 120.3 0.150 0.118 0.101 0.86 oa 

2 1124 58.1 75 1453 0.154 0.120 0.101 0.04 

a 99.8 43.6 75 122.5 0.079 0.069 0.062 0.90 am 

4 113.6 66.9 75 148.2 0.084 0.073 0.062 0.85 14 

6 100.3 46.2 75 123.5 0.054 0.049 0.046 0.94 oA 

6 1144 710 75 150.1 0.058 0.05! 0.046 0.89 s 

values based upon fi: = 1.08. fe = 1.08 
Kraft Membranes and fo = 0.22 for re- 

1 

U = —_____- || 
1 

4.00 

flooring: 

f, = 1.08 

8. Heat flow through ceilings without flooring: Rie 
Summer f, = 1.08, aE 

Winter f, = 1.63, 

f, = 1.63, 


temperature 
midway between the framing mem- 
bers at the midsection of me- 
tered area. 


METHOD FOR CALCULATING 
COEFFICIENTS U’ 


Transmittance value identified by 
symbol U’ in the tables 
is a calculated coefficient using 
procedures recommended in Cha; 

ter 9 of the 1960 ASHRAE GUIDE. 
Since most engineers and archi- 


the ASHRAE GUIDE for informa: 


tion relating to heat transfer 
through structures, selection of 
conductance and conductivity co- 
efficients for different panel com- 
ts are those recommended in 
UIDE Table 4, for building and 


the 4-in. board, IDE 


The ultimate effect of the gyp- 
sum board’s lower resistance and 
the slightly resistance of the 
% -in. is negligible within 
the range of this test transmittance 
values. The difference in combined 
resistances of the %-in. 
board and %-in. plywood, 
upon the GUIDE and actual tests 


on these two materials, is 1.388 — 
1.339 or 0.049. Calculated U’ co- 
efficients’ values would be increased 
only 0.25% to 0.5%, if actual test 
values were used in of the 
GUIDE value for a range of trans- 
mittance coefficients 0.05 to 0.10, 
respectively. 

Based upon tests, average emis- 
sivity values of surface membranes 


facin 87 for kraft 


Effective emissivities given in the 
GUIDE (0.82 for non-reflective sur- 
faces and 0.05 for reflective sur- 
faces) were used in determining 
the calculated U’ coefficients. 

To determine calculated trans- 
mittance coefficients for the differ- 
ent directions of heat flow, the fol- 


lowing procedures were used: 


1. Symbols: 
U = Transmittance coefficient by 


’ = Transmittance ient by 
GUIDE calculations 

U:= Transmittance coefficient for 

area between framing mem- 


bers 
U.— Transmittance coefficient 
backed by framing members 
S= Percentage of area backed by 


GUIDE Test 

2.25 2.80 

“Cc” 1.07 1.02 
“k” 0.27 0.266 M.T.= 175 
0.27 0.286 M.T. = 100 

0.80 


framing members 
E= Effective emissivity of air 
spaces. 


2. Heat flow up and down: 
Transmittance coefficients of un- 


insulated betw: 

ing members is determined from 

GUIDE Tables 8 and 4 

recommended by the GUIDE, no 
ion is made for changes in 


air space temperature differences 
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. or the %4-in. gypsum board, when 
insulation was omitted. 
Air space mean temperatures 
and temperature differences are 
a insulating materials. Except for 
| coefficients _ agree with val- 
| ues obtained by tests: 
} -in. 
| Mineral Wool 
Framing members 


i cases was cal 
the Tables resistance of the air GUIDE Tables 3 and 4. 


of air space versus mean 

Seer given in GUIDE COMPARISON OF TEST AND 
Table 3-C. For 


heat flow up, re- 
sistances of the air ANCE 


Tables V through IX present a 
of test results, comparing 
tion considered. U;: de- 
termined from GUIDE Table 16, test calculated transmittance 
parts C and D. | The U7 or aver. values for different directions of 
age “ corrected heat flow and air space mean tem- 
GUIDE Fae peratures. Tables V through IX 
show the ratios of U’/U as a 
3. Horizontal Heat Flow: ximatel same for i 
Prager ra. of 130 and 160 F, 
ance was corrected for tempera- for the same type panel. In Table 
ture differences whenever neces- X, these two test conditions have 
in GUIDE Table $-C; No corre, been combined, and average mean 
tion is introduced for tempera- temperatures as well as average 


ture differences in test and [’/lJ fora specific panel are pre- 
GUIDE mean temperatures since : P 
this effect is minor. owerer. 50 sented. Discussion in this section 


me instances, the range of 

values ix GUIDE 1¢ was kraft or foil membranes as com- 
inadequa com ealcula- 

tions; for han Boo panels with Ponents of the over-all construc- 
special reflective types of insula- _ tion. 


TABLE IX 


THERMAL TRANSMITTANCE THROUGH CEILINGS WITH- 
OUT FLOORING AND WITH ATTIC — HEAT FLOW UP 


Air Temp F - Guide 
In. Mean Diff. Inside Attic c u* 


0.132 0.105 0.100 0.95 


41 6 528 41.6 75 27.9 0.072 0.063 0.061 0.97 
Kraft Membranes — Type L Application 
2 53.2 38.7 75 312 0.130 0.112 0.108 0.96 


0.064 0.98 
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for heat flow down. Where the tion and mineral wool insulated “ 

mean temperatures of air spaces panels with oximemely low trans- os 

are substantially different, for mittance values. s in these a 

ifferences. Mea ter es 

4 

were used for winter and sum- values by test and by calculation. na 

Insula- 

Panel 

No. 

Reflective Membranes — Type L Application Bh 

2 54.8 35.7 75 31.3 

510 45.0 7% 273 4600.07! 00S 

* U value based upon f: = 1.68, fo = 1.68 for ase 

Kraft Membrane and fo = 0.76 for reflective ie 

membranes. Outside air —20 F. at 

a 
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TABLE X 


COMPARISON OF TRANSMITTANCE COEFFICIENTS 
BY TEST AND BY CALCULATION 


Insulation T Type of Heat Flow Air Space 
In. Application Condition Direction M7. U'/U 
Wall Panels 


FSSSESSSS 


L Down 
L Down 
Down 
Down 
Down 
Fee Down 
L Down 
L Down 
L Down 
L Down 
Down 
Down 
F Down 
Pee Down 
L Down 
Down 
Down 
F Down 
F Down 
Down 
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| Summer Foil Horizontal 117.4 1.00 
Summer Foil Horizontal 140.4 0.89 
: Summer Foil Horizontal 146.7 0.8! 
Summer Kraft Horizontal 144.7 0.89 
aa Summer Kraft Horizontal 148.6 0.85 
Winter Foil Horizontal 1.08 
Winter Foil Horizontal 33.9 1.02 
; Winter Foil Horizontal 29.5 0.95 
Winter Kraft Horizontal 316 1.07 
Winter Kraft Horizontal 29.2 1.03 
| Ceiling Panels With Flooring 
49.4 0.99 
30.8 0.99 
28.8 1.02 
52.4 0.94 
31.4 1.01 
26.8 1.00 
35.6 0.92 
33.8 0.72 
| 34.4 0.89 
Ceiling Panels With Flooring 
0 109.7 0.75 
2 116.2 0.74 
: 2 120.8 0.73 
2 118.0 0.73 
3 129.2 0.73 
: 3 119.3 0.67 
131.3 0.8! 
135.8 0.89 
108.2 0.94 
2 131.2 0.84 
2 132.4 0.90 
2 121.0 0.95 
3 135.0 0.84 
3 122.9 0.94 
4 136.8 0.64 
6 139.0 0.88 
x 128.1 0.63 
y* 117.8 0.73 
3 z 130.7 0.67 
Zz 112.6 0.43 
: * Special reflective types of insulation — no 
mineral wool. 
** Mineral wool insulation flanged in center of 
Teflective type insulation flanged on 
| bottom of joists. 
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Ceiling-Attic Combinations—No Flooring 
0 L Summer Foil Down 130.0 0.94 
2 L Summer Foil Down 135.4 0.88 
4 t Summer Foil Down 136.4 0.89 
6 L Summer Foil Down 141.7 0.93 
L Summer Kraft Down 110.3 0.90 
2 L Summer Kraft Down 132.8 0.85 
a L Summer Kraft Down 135.3 0.88 
6 L Summer Kraft Down 136.8 0.92 
2 L Winter Foil Up 31.3 0.95 
4 L Winter Foil Up 27.9 0.97 
2 L Winter Kraft Up 31.2 0.96 
4 L Winter Kraft Up 27.3 0.98 


In the 1960 ASHRAE GUIDE: 


9: A word of caution is 


unif 
thickness and conductivi that 
spaces are of uniform thickness 
surface temperatures, that effects due 
to moisture are not involved, and that 
installation details are in accordance 
with design. Some evidences of de- 
partures of measured values from cal- 
culated values for certain insulated 
constructions are given in ‘Buildin 

Materials and Structures rt BM 

151’, National Bureau of 

In order to provide a reasonable fac- 
tor of safety to account for departures 
of constructions from exemplary con- 
ditions, in part due to field construc- 
tion requirements and practices, some 
may wish, before corrections 
for framing (as indicated in Fig. 6) 
to increase moderately the calcula‘ 

U values of the insulated walls, floors 


and obtained from 
Table 16. re reflective air spaces 
are involved, increase of U values up 


to 10 percent for ications where 
heat flow is horizontal or upward, and 
up to 20 percent where heat flow is 


downward, appear reasonable on the 
basis of present information.” 


In this program, 
conditions of components in- 


stallations were t and the 
variable usually found in construc- 
tion is not included. 

Considering the number of 


factors which may cause differ- 
— test values and GUIDE 
tions, there is agree- 
ment between the the 
following conditions: (Table num- 
bers refer to results) : 
1. Horizontal heat flow throu 
walls under winter conditions 
(Table V), the ratio of U’/U 
varies from 0.95 to 1.08 with no 
— differences between re- 
ive or non-reflective surfaces 
in combination with mineral 
wool insulation. For insulated 
wall shown in Fig. 7, 
insulation was adjacent to the 
interior surface finish with either 
kraft or ted aluminum 
foil membrane adjacent to the 
exterior surface of insulation. 
2. Heat flow up through ceil- 
ings with (Table VI), 
the ratio U’/U varies from 0.94 
to 1.02, or an average of 0.99 
for both reflective and non-re- 
flective surfaces with and with- 
out wool insulation. 
However, of 
multiple Cie, 8), 
a variation is from 0.72 to 


3. Ceiling and attic combina- 


4 
given 
tions of components and installations Pl 
are assumed, i.e., that insulating ma- Bat 
A 
ae 
pa 
ae 


lin 


ri PLYWOOD 


TYPE REFLECTIVE INSULATION IN CERING SECTION 


TYPE Y REFLECTIVE INSULATION IN CEILING SECTION 


TYPE 2 REFLECTIVE INSULATION IN CELING SECTION 


TRANSACTIONS 

| -reflec- 
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(Table V), the ratio U’/U for the 
mineral wool insulation inclusive 
of reflective and non-reflective 
surfaces varies from 0.81 to 0.89. 
There is no t difference 
between the effect of kraft or 
foil surfaces. However, the ratio 
less for three-in. than 
for two-in. insulation. Air 
mean temperatures 
140.4 to 148.6 F. non- 
insulated panel foil € 
cent to the 4-in. 
the ratio U’/U is 1.00 with the 
air space mean temperature 
equal to 117.4F, or to 30F 
lower than insulated panels. 
2. Ceiling-attic combination 
without flooring and heat flow 
down (Table VIII), the ratio of 
U’/U varies from 0.85 to 0.92 
for the insulated 


the special multiple layers of re- 
flective insulation designated 
Types X, Y and Z. The ratios 
U’/U for mineral wool insulation 
of different thicknesses with kraft 
and foil surfaces are as follows: 


(Field type of application, F in- 


Guarded Hot Box Tests should be 
conducted on each type of insula- 
tion — X, Y and Z — under both 
summer and winter conditions. 
Present methods are inadequate for 
calculating overall transmittance 
coefficients for these types of in- 
sulation. 


temperatures 120 145F dicates face stapled and F*—in- 
are to 
1. Horizontal heat flow through a 
Ratio 
None 0.94 0.75 
2 L 0.84 0.74 Bs 
2 F 090 0.78 Sal 
2 F* 095 0.78 
8 F 084 0.78 
4 L 0.84 081 
6 L 088 0.89 
0.67 to 0.75 for insulation with foil ay 
and 6 in. with foil, the ratio is 0.81 ie 
and 0.89, respectively. ae 
Multiple reflective la of Pet 
foil, Types X, Y and Z (Fig. 8), om 
have ratio U’/U which varies ix 
from 0.43 to 0.73. 0.43 applies to i 
Type Z reflective material face, ee 
In conclusion, further studies ae 
of reflective and non-reflective air a 
either kraft or foil membranes. ‘Pace conductances for heat flow oh 
Attic space mean temperature under summer conditions should o 
ranges from 110.3 to 141.7F, be undertaken. This 
There is no apparent difference heat flow down horizontal = 
between ted and test heat flow. Present methods of cal- Me 
values for either kraft or foil ulation of heat flow under winter as 
conditions, either horizontal or up- 
ward, are satisfactory. Configura- = 
3. Ceiling panels with flooring tion of multiple layers of reflec- 7 
and heat flow down (Table VII). tive insulations and variables, pres- ie 
Mineral wool insulated panels ent in final application, indicate fe, 
will be discussed separately from 4 


31-33 
32-34 
31-33 
32-34 


wnwny 


26-28 
27-29 


an 


2, 5-3 
2, 5-3 
8-9 


8-9 
12-13 
12-13 

101-102 
101-102 
103-104 
103-104 


37-40 2 


L 
L 


L 


COMPARISON OF 
TRANSMITTANCE 
COEFFICIENTS WITH AND ance 

WITHOUT REFLECTIVE which 
SURFACES lated 


test conductances combined 

ve surface conduct- 
ances are used in this evaluation 
(Table XI). Test conditions for each 


type panel are identical, except 


TABLE Xi 


CONDITIONS OF HEAT FLOW 


_ Insulation Air Space 


31.2 
27.3 


31.3 Winter 
27.9 Winter 


0.112 
0.065 


M.T. Test U* 
In. Type Non-Refl Refi Condition 2 U, 
Wall Panels — Heat Flow Horizontal 

144.7 140.4 Summer 0.115 0.099 
148.6 146.7 Summer 0.094 0.089 

31.6 33.9 Winter 0.095 0.086 

29.2 29.5 Winter 0.078 0.076 

Ceiling Panels with Flooring — Heat Flow Up 
31.4 30.8 Winter 0.090 0.083 
26.8 28.8 Winter 0.058 0.054 
Ceiling Panels with Flooring — Heat Flow Down 

119.1 112.7 Summer 0.101 0.071 
143.3 133.8 Summer 0.102 0.073 
123.5 119.2 Summer 0.064 0.050 
150.0 143.5 Summer 0.066 0.053 
125.3 122.0 Summer 0.047 0.042 
152.8 149.7 Summer 0.049 0.043 
119.8 114.7 Summer 0.095 0.075 
144.8 136.9 Summer 0.096 0.078 
122.0 117.4 Summer 0.078 0.066 
147.9 141.0 Summer 0.080 0.067 

Without Flooring and Attic Combinations — Heat Flow Down 

120.3 121.9 Summer 0.118 0.085 
145.3 146.9 Summer 0.120 0.087 
122.5 123.2 Summer 0.069 0.058 
148.2 149.2 Summer 0.073 0.059 
123.5 132.9 Summer 0.049 0.043 
150.1 150.4 Summer 0.051 0.045 


Ceiling Without Flooring and Attic Combinations — Heat Flow Up 


0.105 
0.063 


faces, respectively. The ratio 
U,/U, is used to evaluate effec- 
tiveness of reflective surfaces. 


These results are: 


HEAT TRANSFER THROUGH MINERAL WOOL WITH AND 
WITHOUT REFLECTIVE SURFACES UNDER DIFFERENT 
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+> air spaces replace non- 
ive air spaces. Test conduct- 
; values eliminate variables 
. may be inherent in calcu- 
values. Symbols U, and U, 
are used to differentiate between 
U,/Us 
0.85 
0.95 
0.94 
0.97 
0.92 
0.93 
0.70 
0.72 
0.78 
0.80 
0.89 
0.88 
0.79 
0.80 
0.85 
0.84 
45-48 0.72 
45-48 0.73 
46-49 0.84 
46-49 0.8! 
47-50 0.88 
47-50 0.87 
t mm 
‘ *Us = Test Transmittance values for non- 
; reflective surfaces. Ur = Test Transmittance 
; values for reflective surfaces. 


l. Horizontal Heat Flow 

Through Walls: 
a) For summer conditions the 
ratio of U,/U, varies from 
0.86 for 2-in. insulation to 0.95 
for 3-in. insulation. Stud 
is 3% in., so air space is ¥% in. 
for 3-in. insulation, compared 
with 1% in. for 2-in. insula- 
tion. 
b) For winter conditions, the 
ratio varies from 0.94 for 2-in. 
insulation to 0.97 for 3-in. Dif- 
ferences are in the same order 
found for summer conditions 
but of lower magnitude. How- 
ever, air space mean tempera- 
tures are considerably lower 
for winter conditions. 


2. Heat Flow Up Through Ceil- 
ing Panels with Flooring: 
Mean temperatures of air space 
are in the low range of 26.8 
to 31.8F. The ratio of U,/U, 
is 0.92 and 0.93 for 2 and 4- 
in. insulation, respectively. 
3. Heat Flow Down Through 
Ceiling Panels with Flooring: 
Reduction in the heat trans- 
mittance coefficient with re- 
flective air spaces varies in- 
versely with the thickness of 
insulation: 
Type Lin: inalation 
ce) Type L, 6-in. insulation 0.89 
4. Heat Flow Down Through 
Ceiling Without Flooring and 
with Gabled Roof: 
The value of reflective surfaces 
is approximately the same for 
these conditions as for ceil- 
ings with flooring and Type L 
application. Average ratio of 


U./U, 
0.71 
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U./U, is 0.72 for 2-in. insula- 
tion; 0.82 for 4-in., and 0.88 
for 6-in. 
5. Heat Flow Up Through Ceil- 
ing Without Flooring and with 
Gabled Roof: 
Ratios of U,/U, are 0.92 and 
0.95 for 2 and 4-in. insulation. 
These are in the same range 
as “walls with heat flow hori- 
zontal” and “ceilings with floor- 
ing and with heat flow up 
under winter conditions.” 


EFFECT OF ATTIC DUST 
ON EMISSIVITY OF ALUMINUM 
FOIL 


An important consideration, - re- 
garding ceilings without flooring 
and with highly reflective surfaces 
facing the roof, is the effect of dust 
on emissivity of reflective surfaces 
and resultant increase in heat trans- 
fer. In order to determine the mag- 
nitude of this effect, a study was 
undertaken to supplement thermal 
transmittance tests. Results are pre- 
sented in Table XII. ; 
It was expected that dust ac- 
cumulating over a long period of 
time would increase the emissivity 
value of reflective surfaces; the 
amount of increase would depend 
on attic ventilation, length of e 
sure time and the ew of 
the home. These tions were 
confirmed (Table XII). Emissivity 
values of after one year 
of exposure range from .041 to .107. 
It is that the 
taken the unventilated attic 
showed least change in emissivity, 
whereas three specimens taken 
from ventilated attics showed a 
large increase. Of these three, two 


i, 
bins 
4 
a 
‘ 


considera higher 
« 


ventilation conditions. 
Emissivity results obtained 
after two years of 


tude of change, from 0.022 to 0.143 
in two years, is notable, considering 
the home has the most favorable 
location and ventilation conditions 
for avoiding dust infiltration. The 
home located 


a vented ty 


country with 
increase 
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near open country in emissivity from 0.022 to 0.361. 


TABLE Xil 


S were not available for 
location C because of absence of 
occupants. 

esults after three years show 
no increase for location A. For 
location B, additional insulation 
was added to the ceiling during 
the third year of exposure, setting 
up an abnormal condition. — 
mens were not protected, ing 
this test meaningless because of 
improper handling and exposure 
to extraordinarily contaminated 
attic air conditions. The 1959 de- 
terminations for location C - 

u three ns, 
Lowest increase in emissivity dur- 
ing this period was obtained for 
location D. 

EFFECT OF CHANGE 

IN SURFACE EMISSIVITY 


A series of tests was conducted to 
determine the effectiveness of dif- 


EFFECT OF EXPOSURE TO ATTIC DUST ON 
EMISSIVITY OF ALUMINUM FOIL 


Location Description Description 
A Near open Vented at each 
— gable, no fan, 
dusty 8 half floored 
B Suburban Ventilated attic 
Development with fan (fan 
rarely used), 
no flooring 
c Near open Vented under 
country — eaves, 
dusty no flooring 
D Built up Not ventilated, 
section, no flooring 
open country 
water on’ comple. 


Emissivity Values 


July September 
1956 1957 1958 1959 
0.106 0.361" 0.341 
0.022 0.067 0.545 
0.022 0.1077* —— 0.432 
0.022 0.041 0.143 0,207 
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homes located 
showed 
crease 
more developed area. It is inter- 
amet note the similarity in the 
homes are located in comparable 
neighborhoods and have similar 
, from 0.143 to 0.545. . largest in- 
crease may be due to abnormal 
conditions, since the area was be- 
= ing developed and considerable 
, grading was ‘aking place. For the 
tion showing the smallest in- 
crease in emissivity, values were 
lowest for each year. The magni- 
| 
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heat flow through insulated and 
non-insulated ceilings. Surface 
membranes were composed of 
three : perforated alu- 
minum foil (e = 0.032); reflective 
coated paper (e = 0.172) and kraft 
paper (e = 0.87). Two additional 
membranes were obtained by com- 
bining these materials and were 
constructed by taping narrow strips 
of higher emissivity materials onto 
a sheet of lower emissivity. Strips 
were equal in length to the width 
of joist space and placed at regular 
intervals ndicular to joists. A 
combination of reflective and alu- 
minum foil was the basis for e = 
0.104, kraft and aluminum foil for 
e = 0.382. 

A summary of these test re- 
sults for panels with no insulation, 


2in. and 4in. mineral wool is 
shown in Table XIII. Test con- 
ductances are used to obtain direct 
com m. The ratio of conduct- 
ances of C,’/C,, in the last column, 
is based upon conductances with 
kraft paper, e = 0.87, compared 
with the conductances of mem- 
branes with lower emissivity val- 
ues. Effectiveness of reflective sur- 
faces diminishes as the emissivity 
increases, especially in combina- 
tion with mineral wool insulation. 
As emissivity of foil increases from 
0.032 to 0.382, thermal conduct- 
ances, when used in combination 
with mineral wool insulation, ap- 
proach that of kraft paper or e = 
0.87. The increase in emissivity re- 
duces foil effectiveness to a greater 
degree as the insulation thickness 
is increased. For 2-in. insulation 


TABLE Xill 


EFFECT OF SURFACE EMISSIVITY ON HEAT FLOW 
DOWN THROUGH CEILINGS WITH FLOORING 


Air Space F 
Mean Diff 


C'e/Ce' 


Surface Test 
Emissivity Conductance 


ferent surface emissivities upon : 
No 
No 
100.5 16.1 0.870 0.411 1.00 
53 102.1 21.5 0.382 0.298 0.72 = 
102.1 28.2 0.172 0.227 0.55 s 
51 102.1 30.8 0.104 0.197 0.48 a 
19 102.0 35.8 0.032 0.168 0.41 * 
2-in. Insulation 
5 115.9 14.0 0.870 0.124 1.00 Ss 
55 119.1 6.7 0.382 0.109 0.88 = 
4 113.0 21.7 0.172 0.099 0.80 i: 
54 116.1 14.6 0.104 0.093 0.75 “ 
3 112.7 22.6 0.032 0.081 0.65 ae 
4-in, Insulation 
8 123.4 3.0 0.870 0.072 1.00 e 
58 122.9 4.7 0.382 0.070 0.97 ae 
57 126.9 74 0.172 0.067 0.93 a7 
56 120.9 9.33 0.104 0.063 0.87 ee 
9 119.2 13.8 0.032 0.055 0.77 . 
1C’e = emissivity of respective surface below ae 
0.87. Ce = emissivity of kraft paper 0.87. 4 


reduction is 65.5% and for 4- 


for walls and ceiling containing air 

in combination with mineral 
wool insulation, with heat flow 
under winter conditions, agrees 
closely with test values, for either 
reflective or non-reflective surfaces. 
t is not as satisfac- 


thickness of the mineral wool in- 
sulation increases. Further studies 
should be instituted with heat flow 
down on air space conductances 
enclosed in conventional joist 
ces which are 4 in. or more 


out of context and without this understanding, 
can be misinterpreted. For example, “There is 
no effect of 
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mittance coefficients for special 
types of reflective insulation hav- 
ing multiple layers of foil. Guarded 
Hot Box Tests should be conducted 
on the material installed in place 
as recommended by manufactur- 
ers. 

Further studies are needed for 
the effect of surface contamination 
on reflective surfaces to 
field conditions, and the effect u 
overall heat transfer. These fim. 
ited studies indicate that this may 
be a serious factor after exposure 
of only a few years. 
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his 

in. insulation, 87%. For non-insu- 
lated structures, the loss is more 
than 50% of its original effective- 
ness when emissivity increases from 

0.032 to 0.382. 

CONCLUSION 

The GUIDE method of calculating 

thermal transmittance coefficients 
tory for heat flow under summer The suthors wish to express their appreciation 

lationa neral 00) Associa! ion 

conditions, and an even greater their Technical Committee for financial as- 

sistance maki t studies le 

; difference occurs for reflective sur- NMWA Technical, Committee also has con- 

ns 

faces. Differences between the cal- _ preciation is also extended to Professor A. B. 

; Algren, University of Minnesota, for his con- 
culated and test values decrease as __ tinuous interest and valuable suggestions during 

the execution of this program. We also are 

: indebted to Merle L. Erickson, formerly Re- 

; search Associate in the Department of Mechani- 

; cal Engineering, University of Minnesota, for 
his valuable technical assistance in preparing 

’ this paper. 

F REFERENCES 

and insulated with high and Insulation Bounded Hefective Surfaces” 

low emissivity materials. tional Bureau of Standards 
With the present available in- ; 
| formation, it is difficult to calculate 
with satisfactory accuracy trans- 
DISCUSSION 
Joun Sratzr, Louisville, Ky. (Written): parison of the Heat Transfer Characteristics of 
: Essentially all of the statements in evalua- Mineral Wool Insulation with Reflective Sur- 
on the ratio Uijv. Accordingly, faces as Given in the 1960 ASHRAE GUIDE 
atements, should they be taken to Experimentally Determined Values”. 

The experimental conditions chosen tend 
to minimize the effect of heat transmission by 
radiation compared to most actual construc- 
tion conditions. Accordingly, the effect of 
reflective surfaces on the heat transfer has 

been reduced. 


4 

Discussion ON Heat TRANSFER THROUGH MiNzRAL WOOL INSULATION all as 
attic dust on the emissivity of aluminum foil parisons and is there an explanation for this mes 
and the effect of such changes on heat transfer, 22% difference? = 
it should be remembered that normally only On the same construction, tested with o 
one of two (in the case of mineral wool in- heat flow upon the guarded hotbox a com- i} 
sulation combined with reflective surfaces) or parison of Panel 40 (having a foil breather) 3 
one of four such surfaces are thus affected. can be compared with our Test No. 34..In ne 
The effectiveness of the remaining surfaces is this case, comparison must be made of “con- s 
unchanged. ductance” as used in this report. When cor- i 

The statement is made, “The increase in rected to 50 F mean temperature in both ea 

emissivity reduces foil effectiveness to a cases, Professor Lund’s result is 10% higher S 
greater degree as the insulation thickness is than ours. This difference is not surprising for ue 
increased.” By similar analogy, the figures in upward heat flow in consideration of the we 
Table XIII show that the second two inches lower density insulation was used. It is ue 
of mineral wool insulation is only 18.1% as unfortunate that the heat flow meter result is at 
effective as the first two inches. not also reported in this test. i 
Avurnor Lunp: The paper covers the overall strongly indicates that they should be cali- 2 
effectiveness of reflective surfaces in combi- brated in contact with the same materials they ak 
nation with mineral wool insulation which will touch in service and that materials other i€ 
may be expected under field application. The than air are necessary. = 
absolute values must be considered in combi- Professor Lund has shown that a calcula- io 
nation with other factors which are present tion of heat transfer made in accordance with 5 
as discussed in the paper. Mr. Staley does not GUIDE data is sometimes 25% lower than a 
mention the configuration of reflective insula- tests on well-built panels containing air ie 
tions as shown in Fig. 8 which introduces a spaces. He has also shown in an earlier work oF 
considerable error in the calculated trans- that joist effects are not properly determined - 
mittance when the absolute values are used. in these cases by Fig. 7 of Chapter 9. Rather id 
With regard to surface contamination of than applying a correction factor to the over- a 
reflective surfaces upon exposure to atmos- all U value, it would appear preferable to use a 
pheric conditions, the results as shown are a true value for the joist effect; is this not a 
confined to mineral wool insulation with feasible? ie 
reflective surfaces. References to four surfaces c 
apply to reflective insulations only where Avurnor Lunp: With regard on Professor Joy’s ah 
the combination of one surface contaminated comments on similar tests which he conducted a 
and the configuration factor will further on heat flow down with the results lower = 
increase the error in the heat transmittance than we obtained, there are a number of om 
coefficient that may be expected. With refer- factors which may contribute to this difference. es 
ence to the last paragraph, it has long been 1. Professor Joy used 2 x 6 in. joists as iy 
recognized that the law of diminishing re- compared with 2 x 8 in. joists in our tests. 3 
turns exists as the insulation thickness is in- With 2 in. of insulation, 3% in. of joist face " 
creased. exposure exists for the 6-in. joists whereas 5% < 

F. A. Jor, University Park, Pa. (Written): The increase 1 in area. A 
2. Our test area is 44 sq ft whereas his 
construction in which air spaces have in- test area is 156 sq ft. cs 
sulating value. One of these constructions—a 3. The slope of the gable on Professor x 
156 sq ft ceiling and attic combination—was Joy’s tests is 5% in. rise per foot whereas ours of 
studied at Pennsylvania State University in is 8% in. per foot. In addition Professor Joy a) 
1957 and the results were presented to the has a 2 ft. sidewall in the attic between the * 
Society at the January 1958 meeting. ceiling and rafters of the roof. 3 
Comparing Professor Lund’s Panel 45 4. Roof surface temperatures, radiation : 
with our Test No. 17 (each with a Kraft factors. influenced by the angle of the roof - 
breather under a gable roof), he has % in. slope are additional variables to be con- ; * 
less gypsum and 2 in. more joist depth, small sidered. 4 
differences that are partly offsetting. His tests, 5. The heat flow meters as stated in the 
as shown in Table VIII, were made with the paper were calibrated in contact with the . 
same 75 F room temperature that we used. insulation materials. 5 
He has two roof temperatures, 130 and 6. It should be noted that for heat flow :. 
160 F. Interpolating to obtain a result for up and heat flow horizontal our results agree : 
150 F roof temperature, his heat flow rate is very closely with the calculated values re- si 
22% higher than ours. With foil breather on commended by the GUIDE within the limits a 
Panel 48, his result is 23% more than ours, @ which may be expected. . 
notable consistency of disagreement. 7. With reference to Professor Joy’s last 

At the same time, it was found by inter- paragraph, the use of a “true value” as he 4 

polation that his temperature difference across has suggested would be of considerable as- ' 
‘Panel 45 (Kraft) is only 2% higher than we sistance in arriving at the overall transmittance a 
observed, and across Panel 48 (foil) it is 5% for a particular construction. Possibly a “per- Ps 
higher. These small differences appear to be formance conductance value” which will in- = 
inconsistent with the higher heat flow reported. clude the studs or joists and insulation only ' 
Has Professor Lund made these com- for different directions of heat flow and : 
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Thermal Effects of Floor Construction 


RICHARD D. CRAMER 


During recent years, the California 
Experiment Station has been using 
experimental structures to investi- 
gate the impact of variations among 
micro climates on thermal condi- 
structure used was a stock wood- 
frame house trailer which approxi- 
mated the thermal characteristics 
of conventional residential con- 
struction. This work has been re- 
in the Journal of Home 
omics.! Subsequently two ad- 
ditional structures were designed 
and built to reflect more nearly the 
characteristics of contemportary 
houses. These are called cubicles 
because they are in fact cubes 8 ft 
on a side. One wall is glass; the 
roof and solid walls are made of 
lywood skins over a light wood 
and are insulated with two 


1. Journal of Home Economics, Vol. 50, No. 3, 
March 1958, pp. 181-184. 
ASHRAE 


2. Vol. 65, 1959, page 
499. 

Dd. is Professor of 
Housing, Dept. of Economics and Loren 


Agricu 

fornia, Davis. repared 
tation at the ASHRAE 

Chicago, Ill., February 13-16, 1961. 


LOREN W. NEUBAUER 


in. of mineral wool. The floor is 
plywood, uninsulated. A concrete 
slab floor can be substituted for the 
wood floor, and this paper is con- 
cerned with a comparison of the 
influences of floor construction on 
the thermal conditions in otherwise 
identically detailed and oriented 
structures. 

The cubicles have been used 
to study the effects of orientation 
on unprotected glass structures and 
of shading and screening devices, 
in the attempt to reduce radiant 
transmission through glass walls. 
This work was reported upon be- 
fore this Society in 1959.* 

The project is a part of a co- 
operative regional project spon- 
sored by the Department of Agri- 
culture and at Davis has the active 
participation of an architect, an 
engineer, and a horticulturist, r 
resenting coordinated efforts of 

ents of Home Economics, 
Agricultural Engineering, and 
Landscape Horticulture in the Col- 
lege of Agriculture. Initially the 
objective of the project was to 
evaluate methods for alleviation of 
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Fig. 1 Spring equinox — concrete floor cubi- 
cle temperature 


temperature extremes in hot, dry 
summers which are typical of the 
California central valleys and of 
much of the southwest. In this kind 
of climate, summer cooling is a 
more difficult problem to solve than 
winter heating. Midafternoon tem- 

atures of 110F are not un- 

own, 105F not uncommon. At 
the same time night-time tempera- 
tures below 70 F are normal, mak- 
ing a 40F diurnal spread typical. 
Hot days are cloudless and rela- 
tively still. Humidity at mid-after- 
noon is usually lower than 20%. 
With the rapid fall of temperature 
in the early evening come breezes 
from the south w make the 


evenings comfortable. 

During eae of 1957 and 
1958, two cubicles were operated 
simultaneously, with the glass wall 
facing south in an exposed field 
without shade except for a bit on 
the east and west horizons, and 
with the glass wall otherwise un- 
protected, in an attempt to assess 
the contributions of floor construc- 
tion to interior thermal conditions. 
Specifically, the floors com 
were the wood floor previously de- 
scribed which has a six-in. air 
beneath, open to the atm 
at its periphery, and a concrete 
slab on grade. Neither floor 
is insulated. Both have thermo- 
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Fig. 2 Spring equinox — wood floor cubicle 
temperature 


solar radiation. Results for this 
condition are now being studied as 


a sequel to this report. 

The of the top 
surface of slab describes a 
curve which shows the radiant gain 
resulting from solar impingement 
the ocouple location. During 
the daytime hrs, the room tempera- 
ture rises above that of the slab by 
virtue of radiation through the 
glass impinging on interior wall 
surfaces. These are plywood, rather 
dark in color. Because they are 
backed with insulation, they give 
off heat at a comparatively rapid 


rate, warming the interior air to a 
temperature higher than that of the 
top surface of the slab. And so the 


slab gains heat from the interior 
air by convection over its entire 
surface, and from the sun by radia- 
tion over a portion of its surface. 
For the wood floor cubicle 
(Fig. 2), the temperature curve for 
the underside of the floor is varia- 
ble during the 24-hr period, as 
with the corresponding 
concrete slab curve. The low point 
of its curve occurs at 6:00 a.m. and 
the high t at 3:00 p.m., and 
the is somewhat greater 
than 20F. Comparing both the 
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the wood floor is an exaggerated 
version of that of the underside. 
Rapid increase in temperature and 
the narrow high point are caused 
by direct solar radiation Uaow 
the glass onto the floor surface. 
comparison with concrete, the value 
is higher during mid-day, and 
lower at night. top surface of 
the wood floor is cooler than the 

surface of the concrete floor for 
substantially more than 50% of the 
time 


Room temperature in the wood 
floor cubicle is cooler than the 
room temperature in the cubicle 
with the concrete floor from 4:00 
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Fig. 3 Summer solstice — concrete floor cubi- 
cle temperature 
times and the magnitudes of the 
high points of the two subfloor 
curves, differences caused by ma- 
terial mass and specific heat are 
t, a delayed in 
3 m3, case of concrete, a rather quick 
response in the case of wood. Aver- 
age value of the wood curve is 
lower than that of the concrete 
curve. The area between the curves 
at night is substantially larger than 
the area between the curves during 
the day, making the wood floor 
cubicle on the whole cooler, and 
conversely, the concrete floor cubi- 
cle warmer. 
Behavior of the top surface of 
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in the afternoon until 9:00 in the 
morning, and is warmer for the 
seven remaining hrs. It can be said 
then, that the concrete floor cubicle 
produces a flatter diurnal air tem- 
perature curve inside the structure 
than does the wood floor cubicle, 
and taking the 24-hr period as a 
whole under consideration, that the 
concrete floor construction pro- 
duces a warmer condition inside 
than does the wood floor construc- 
tion. The concrete loses less heat to 
the soil than the wood loses to the 


crawl space air. 
The period just described is 
warm clear weather at the spring 
equinox. The rimental struc- 
tures had no artificial heat added, 


were not occupied, and were en- 
tirely closed to the outside air, so 
that infiltration was kept to a mini- 
mum. Had these structures been 
inhabited they would have been 
opened during the mid 
part of the day because room tem- 
peratures exceeded 90F. On the 
other hand, it would have been to 
scveninge to keep the concrete 
floor cubicle closed at night be- 
cause the temperature therein re- 
mained substantially above that of 
the outside air. In the case of the 
wood floor cubicle, night-time tem- 
peratures inside and out were al- 
most identical, and so it would 
make little difference whether it 
were open or closed. 


SUMMER 
On the summer solstice (Figs. 3 


and 4), the curve for 
the underside of the slab (Fig. 3) 
is both 


corresponding curve in spring. It 


is hi because there has been a 


ual accumulation of heat in 
soil under the slab, and it is 
flatter because the sun is steeper 
in June (about 74 deg at noon), and 
so it does not strike the center of 
the slab where the thermocouples 
are fixed. The portion of the slab 
that it does strike is a relatively 
one. 
used aril 
di is ca 
interior air temperature to the slab. 
The low point of the curve for the 
ey occurs — and the 
gh point just before midnight, 
whicl ed to 
temperature inside illustrates a 
delay of about eight hrs, caused by 
the mass and the specific heat of 
the concrete. In both the sprin 
and summer, over the 24-hr peri 
heat flows from the interior air into 
and through the slab. In other 
words, the slab constitutes a heat 


~, the wood floor cubicle (Fig. 
4), the shape of the sub-floor tem- 
perature curve is quite like the 
shape of its spring counterpart with 
the that, in comparison 
with the concrete sub-floor tem- 
perature, the wood sub-floor is pro- 
portionately (over the 24-hr period) 
warmer in June than in March, or 
conversely, concrete is 
ately cooler. The relationships be- 
tween outside air temperature and 
wood sub-floor temperature are 
similar March and June. 
However, mid-day floor and 
room temperatures have reversed 
positions in June as compared with 
March, again because of steeper 
sun angles. For the same reason 


there is a smaller difference in June 


variation in the curve ~ 


We 
‘toe 
ae 
. 
a 


slab during these same hours is 
higher still. The wood floor cubicle 
in the spring has floor and room 
temperatures coinciding with out- 
side air at night, but in the summer 
they remain above the outside air 
temperature. Perhaps the reason 
for the spread in June as compared 
with March can be found in the 
greater diurnal spread of the out- 
side air temperature curve itself, 
and in the consequent slope of the 
outside air temperature change 
which produces a lag in insi 
temperature changes. Lookin 
ahead for a moment to the f 


concrete there is exaggerated example of 
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temperature 
between the top of the floor surface 
and the bottom of the floor surface 
than in March. Less heat is being 
struction to the crawl space under- 
| inane during the night, 
In the spring, g the 
wood floor cubicle temperatures — 
interior air, and the floor surfaces — 
are similar to the temperature of 
3 outside air. In the concrete 
cubicle the top side of the 
: and the interior air tempera- 
are consistently warmer than 
of the night and early morning hrs, 
and the underside of the iii 
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/ Normal radiation 
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the summer condition, probably for 
the same reason. 


FALL 
Turning to September (Figs. 5 and 
6), there are patterns in some ways 
comparable to March and in some 
ways to June. They are comparable 
to March in that again substantial 
amounts of direct radiation pene- 
trate the cubicle and impinge on 
floor and wall surfaces, but at the 
same time the outside air tempera- 
tures are hi: , a condition more 
like June. As a result, higher in- 
side air and floor surface tempera- 


12 
Sun time 


Fig. 5 Fall equinox — 
temperature 


4 3 2 


concrete floor cubicle 


tures are experienced during the 


fall. 

For the underside of the con- 
which again is hi than its - 
radiation to a more markedly curved 
shape as to the flatter 
shape observed in June. It is a 
sharper curve than it was in March, 
perhaps reflecting a outside 
air temperature. It is known that 
concrete slabs lose heat laterally to 
the periphery in contact with the 
outside air. 

It may also be true that, be- 
cause temperature differentials be- 
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age outside air tempera- 
the same. 
une 


In June the sub-slab tempera- 
is below that of the outside 
of the daylight 
at night, the two 


well above 


the underside of the has be- 


: 120 360 
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. Fig. 6 Fall equinox — wood floor cubicle tem- 
| 
tween slab and soil are greater, come progressively warmer than 
. there is a faster rate of heat trans- the 
fer from the underside of the slab ture 
| into the soil than was the case in nearly 
March. At any rate, the low point 
: again falls at 11:00 a.m., near the ture 
spring low point, and the high point air 
at about 7:00 p.m., again approxi- 
mating the March condition. View- averaging about the same diurnal 
ing the sub-slab temperature in re- value. In September, on the other 
lation to the outside air tempera- hand, the average temperature of 
ture, however, in comparison with the sub-slab is muuimuim that of 
f June, the average temperature of the outside air. As the summer 
3 ES passes the slab warms progres- 
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In ber all curves rep- 
resenting the two cubicles fall above 
the curve of the outside air tem- 
perature with the exception of that 
representing the underside of the 
wood floor (Fig. 6), which coin- 
cides with the outside air tempera- 
ture during the middle of the day, 
and with the exception of the 
underside of the slab, for a brief 
period from 12 noon until 5:00 p.m. 
When sub-floor temperatures—con- 
crete and wood—are compared, it is 
evident that concrete is warmer 
over the 24-hr period than wood. 
In April it was a little warmer, and 
in June the two were similar. For 
the top floor surface curve, the 
wood again has a tall narrow 
peck ot , like the shape of 
the peak in March, because the sun 
is at the same vertical angle. Higher 
interior air temperatures are stimu- 


lated by higher outside air tem- 


peratures, whe: the rate of 
cooling by conduction through the 
glass wall and the other surfaces 
is slower. 

The differences between the 
concrete slab top surface and the 
wood top surface ratures are 
much the same as were in 
March. Both curves have been 
raised correspondingly. Interior air 
temperature curves are similar in 
shape and in ion to those 
in March, but they reveal a slightly 
greater difference between the 
wood floor cubicle air temperature 
and the concrete floor cubicle air 
temperature during the middle of 


the day. 
The 40 F diurnal spread in the 
outside air temperature curve, 


however, produces substantial 
night-time differences. The top 
floor surface of the concrete cubi- 
cle is some 20F warmer at night 
than the top surface of the wood 
floor. As a result, the air tempera- 
ture in the concrete floor cubicle 
stays about 12 F above that of the 
wood floor cubicle. In March and 
June these differences in nocturnal 
air temperatures inside the cubicles 
was about 6F. The September 
condition can be expected to r 

resent the high season for parr 
temperatures, and in general the 
high point of all of the tempera- 
tures in the study, because the 
summer accumulation of heat in 
the earth and in the air mass are 
combined with continuing clear 
cloudless days with high radiation 
values and with a lower sun hav- 
ing a noon vertical angle of 51 deg. 


WINTER 


Toward the end of December (Figs. 
7 and 8), the sub-slab curve (Fig. 7) 
is shaped quite as is the corre- 
vanes curve in ber. The 
entire slab is e: to radiation 
at noon; however, the center of the 
slab, where temperatures were 
measured, had full sunshine in Sep- 
tember, and again in December, 
and so the shapes are similar. In 
a there has been a rapid 

line in sub-slab ture 
from an average of about 88F in 
September to an average of about 
59 F in December. This is the pe- 
riod of the year when the most 
rapid change in sub-slab tempera- 
ture takes place, because from De- 
cember through March and into 
June and then September, there is 


sivel 
ae 


not be the low point. It probably 


occurs in January or Fe 


stantially higher the outdoor 
air temperature during the entire 
24-hr period. Heat flows upward 
from through the slab 
into the air of the cubicle from 
6:30 until 9:00 a.m. As in 0 
tember sub-floor 


the wood floor (Fig. 8) are about 
the same as the outside air tem- 
perature during the early of 
the day and lat- 
ter part of the 

The curves ting the 
top surfaces of concrete and wood 
floors, respectively, bear some re- 
semblance to their counte in 
September, except that the wood 
floor top surface in December is 
only slightly warmer than the con- 
crete floor top surface during the 
early afternoon hours, whereas the 
concrete floor surface is a good 
deal warmer than the wood floor 
surface during the rest of the day. 
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| a gradual rise representing a pe- 
| riod of nine months. The corre- 
sponding decline requires three 
nearly evening out the gain and 
loss periods. 
: In December for the first time, 
| the sub-slab temperature is sub- 
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Fig. 8 Winter solstice — wood floor cubicle 


temperature 


This change presumably has been 
brought about by the relativel 
warmer concrete sub-floor whi 
initiates heat transfer upward 
through the slab. 

The relationship of interior air 
temperature curves, concrete to 
wood, is much like that noted in 
March and something like that in 
September but with a smaller dif- 
ference. The mid-day concrete 
floor cubicle is cooler by a smaller 
margin than the wood floor cubicle 
than is the case in September. 

At night in December and in 
March the outside air clusters with 
the wood curves (sub-floor, floor, 


and room air). During June and 
September the three wood curves 
remain together, but the tempera- 
ture of the outside air which is in 
contact with the crawl ce air, 
is a little lower than the cluster of 
wood floor cubicle curves, indi- 
cating a more rapid transfer from 
the floor through the crawl space 


to the outside air than in December 
and March. 
In s , because the only 


difference between the two cubi- 
cles lies in the floor construction, 
the annual behavior of the sub- 
floor temperatures stimulates the 
differences in interior air tempera- 


ee 


ture patterns. There are smaller 
differences and flatter curves for 
the concrete floor cubicle and 
greater differences and steeper 
curves for the wood floor cubicle. 
The concrete sub-floor varies from 
a minimum of about 55 F at 10:30 
a.m. in December to a maximum 
of about 92F at about 7:00 p.m. 
in September. The wood sub-foor 
varies from a minimum of 40F at 
8:00 a.m. in December (and is un- 
doubtedly lower on colder days) to 
a maximum of 91 F at 3:30 p.m. in 
September. The wood floor has a 
six-month cycle of warming and 
‘cooling. The concrete floor has 
probably an eight-month cycle of 
warming and a four-month cycle 
of cooling. 

As a result, in March and again 
in June interior air temperatures 
in the concrete floor cubicle are 5 
or 6F warmer than those in the 
wood floor cubicle during the early 
hrs of the morning. This difference 
is increased to about 12F in Sep- 
tember and then decreased to about 
8 F in December. During the mid- 
dle of the day, March air tempera- 
tures inside the wood cubicle are 
about 5F warmer than those in 
the concrete cubicle, in June 3 F 
warmer, in Se ber about 10 F, 


and in December about 5 F. 
For p of evaluation, 
then, it can said that concrete 


slabs have the advantage of being 
cooler during the hot of the 
day. On the other hand, the con- 
crete slab is warmer at night. A 
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warm floor is an advantage 
in December with its cold night- 
time temperatures, colder than 
those comfortable inside inhabited 
structures. The same can be said 
of the spring when nocturnal tem- 
peratures are too cold for comfort 
in the wood floor construction. 
During the summer, in both June 
and in September, the wood floor 
cubicle has an advantage at night, 
but its advantage during this sea- 
son could be virtually eliminated 
by generous nocturnal ventilation. 


All in all, it can be said that in 
the climate in which these experi- 
ments are being conducted there 
are thermal advantages to concrete 
slab construction over wood floor 
construction. 

The objection may be raised 
that the crawl ce under the 
wood floor was lower than that 
normally encountered; that it was 
not enclosed around its periphery; 
that ventilation exceeded hat which 
is encountered in a normally ven- 
tilated crawl ; and that it is 
therefore probable that the differ- 
ences encountered between slab 
and wood floor construction would 
be somewhat reduced, if standard 
house construction had been used 
instead of the experimental con- 
struction of the crawl space in- 
volved. However, the height of the 
air space and the degree of ventila- 
tion tend to counteract each other, 
so probably the difference would 


not be significant. 
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DISCUSSION 

C. W. Potrocx, Johnstown, Pa.: Was the fluenced by the impingement of the sun on 3 
general purpose of this investigation to deter- the slab. | 
mine the type of construction that is most i 
desirable? M. W. Keves, Pittsburgh, Pa.: Would a car- 
pet covering substantially all of the concrete ; 

Avurnorn Cramer: Yes, concrete floors are give results similar to those for wood? ‘y 
being used quite commonly in house construc- é 
tion in California. Comparable repetition with Avrnor Cramer: It would give results closer : 
glass facing north to eliminate the effect of to those for wood than the results indicated z 
direct radiation on the slab has also been here and, of course, it would depend on the 
done. Results in this paper are strongly in- insulating effect of the specific carpet involved. : 


The capacity and efficiency of any 
cooling tower which uses the un- 
modified atmosphere as an agent 
for carrying off heat must depend 
on the characteristics of the atmos- 
phere at the particular point on the 

obe where the cooling tower is 
ocated. 

It will be assumed here that 
the reader is familiar with how 
wet-bulb temperatures are meas- 
ured. It will also be assumed that 
the reader understands that any 
scale of wet-bulb values is approxi- 
mately the same as the a 
scale on a psychrometric diagram. 

Design engineers who make 
decisions related to buying, build- 
ing, or selling evaporative cooling 


towers that tionally must de- 
liver cooled fluid of not more than 
some specified maximum tempera- 


ture must concern themselves with 
the variable nature of the atmos- 
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phere. A decision in economics is 
required for each particular instal- 
lation. If the cooling tower is 
larger than required, its cost will 
be unnecessarily high. If the cool- 
ing tower is too small, it will not 
accomplish its assigned task and 
heavy monetary losses may result. 

Cooling towers are built to 
last for several years, and their 
ultimate capacity is tested during 
the summer months when wet - bulb 
temperatures reach their highest 
readings at any particular locality. 
However, the temperature se- 
quence is not the same in any two 
summers. Fig. 1 shows in a gen- 
eral way the relationship between 
fluctuating wet-bulb temperatures 

In the historical development 
of cooling tower installation it is 
unfortunately true that personal 
points of view rather than basic 
detailed wet-bulb uency data 
have often influenced the selection 
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of design criteria. With a client 
who is willing to pay the bill, it is 
only natural that a conservative 
consulting engineer will tend to 
over-design. 

If there are instances of radi- 
cal over-design, it is only natural 
that a careful engineer employed 
by a cooling tower manufacturer 
will find ways to save his employer 
money and still produce and install 
a completely adequate tower. 

Should the manufacturer ad- 
just downward by a similar factor, 
the specifications of another more 
careful and precise consulting en- 
gineer, there is great danger of 
producing a tower which will fail. 
However, any such failure may not 
become apparent for 2 or 3 years 
after the tower is placed in service. 
The first summer, or even two 
summers following installation, 
may be abnormally cool. (See Fig. 


1.) 
In order to furnish all 4 4 
or 


neers with adequate basic data 
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Fig. 1 Illustration of variable wet-bulb tem- 
perature sequences as related to selection of 


selecting proper design wet-bulb 
values one manufacturer of cooling 
towers has supported an extensive 
tabulation® of detailed wet-bulb 
values. Over ten million hourly 
weather observations have been 
counted by electronic tabulation 
methods to develop the actual fre- 
quency, by degrees, of wet-bulb 
temperatures at 396 locations with- 
in the United States and 36 a 
locations. The time period of o 
servations was during the ten-year 
span, 1948 through 1957. The ma- 
terial in the published book com- 
prises the most comprehensive 
treatment of summer wet-bulb 
temperature frequencies available, 
and it is based on actual observa- 
tions made by trained observers. 

It is hoped that the expanding 
use of the will 
lead to more careful selection of 


* A summarization of the tabulations can 
be found in the book, Evaluated Weather 
Data for Cooling Hquipment Design. 
Fluor ucts Company. 


design criteria for cooling towers (summer 


time scale schematic only) 
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optiaum value 
depending on 
application 
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The capacity and efficiency of any 
cooling tower which uses the un- 
modified atmosphere as an agent 
for carrying off heat must depend 
on the characteristics of the atmos- 
phere at the particular point on the 
lobe where the cooling tower is 
ocated. 

It will be assumed here that 
the reader is familiar with how 
wet-bulb temperatures are meas- 
ured. It will also be assumed that 
the reader understands that any 
scale of wet-bulb values is approxi- 
mately the same as the enthalpy 
scale on a psychrometric diagram. 

Design engineers who make 
decisions related to buying, build- 
ing, or selling evaporative cooling 
towers that tionally must de- 
liver cooled fluid of not more than 
some specified maximum tempera- 
ture must concern themselves with 
the variable nature of the atmos- 
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required for each particular instal- 
lation. If the cooling tower is 
larger than required, its cost will 
be unnecessarily high. If the cool- 
ing tower is too small, it will not 
accomplish its assigned task and 
heavy monetary losses may result. 

Cooling towers are built to 
last for several years, and their 
ultimate capacity is tested during 
the summer months when wet - bulb 
reach their highest 
readings at any particular locality. 
However, the temperature se- 
quence is not the same in any two 
summers. Fig. 1 shows in a gen- 
eral way the relationship between 
fluctuating wet-bulb temperatures 

In the historical development 
of cooling tower installation it is 
unfortunately true that personal 
points of view rather than basic 
detailed wet-bulb uency data 
have often influenced the selection 


of design criteria. With a client 
who is willing to pay the bill, it is 
only natural that a conservative 
consulting engineer will tend to 
over-design. 

If there are instances of radi- 
cal over-design, it is only natural 
that a careful engineer employed 
by a cooling tower manufacturer 
will find ways to save his employer 
money and stil] produce and install 
a completely adequate tower. 

Should the manufacturer ad- 
just downward by a similar factor, 
the specifications of another more 
careful and precise consulting en- 
gineer, there is great danger of 
producing a tower which will fail. 
However, any such failure may not 
become apparent for 2 or 3 years 
after the tower is placed in service. 
The first summer, or even two 
summers following installation, 


may be abnormally cool. (See Fig. 


1.) 
In order to furnish all engi- 
neers with adequate basic data for 
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Fig. 1 Illustration of variable wet-bulb tem- 
perature sequences as related to selection of 


selecting proper design wet-bulb 
values of cooling 
towers has supported an extensive 
tabulation® of detailed wet-bult 
values. Over ten million hourly 
weather observations have been 
counted by electronic tabulation 
methods to develop the actual fre- 
quency, by degrees, of wet-bulb 
temperatures at 396 locations with- 
in the United States and 36 Pre 
locations. The time period of o 
servations was during the ten-year 
span, 1948 through 1957. The ma- 
terial in the published book com- 
prises the most comprehensive 
treatment of summer wet-bulb 
temperature frequencies available, 
and it is based on actual observa- 
tions made by trained observers. 

It is hoped that the expanding 
use of the will 
lead to more careful selection of 


* A summarization of the tabulations can 

be found in the book, Hvaluated Weather 

Cooling Equipment Design. 
Company. 
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design criteria and fewer and 

fewer mistakes which heretofore 

may have been due to lack of de- 
weather data. 

Those concerned with design 
problems may be interested in a 
brief review of some of the 
material covered in the book. 


TEMPERATURE VARIATIONS 


Weather are such that 
any one element such as the wet- 
bulb tem shows a broad 
range of variability with time. This 
variability is noticeable whether 
days, months, or seasons are being 
considered. 


DAILY TEMPERATURE 
SEQUENCES 


In Fig. 2 a series of graphs of dew- 
point, wet-bulb, and dry-bulb tem- 
atures for the lower 1000 ft of 

a re are given to show 
a typical daily pattern of tempera- 
tures and lapse rates. 

The small arrows at 9:00 a.m., 
noon, and 3:00 p.m. in Fig. 2 in- 
dicate the convection which is 
brought about by the heating of 
the air near the earth’s surface. 
Initially, conduction increases the 
dry-bulb, wet-bulb, and dew-point 
temperatures near the earth’s sur- 
face, but by the early afternoon 
hours the increased convective 
currents have brought dryer air 

-point is mar de- 
poin 


Since the wet-bulb tempera- 
ture is dependent on both the dry- 
bulb tem and the moisture 
content of the air, the wet-bulb 


tem is lower at 3:00 p.m. 
than it is at noon. Then it increases 
again when the convective cur- 
rents cease in the late afternoon 
hours. Note that during the night- 
time hours an inversion of the dry- 
bulb temperature occurs in the 
lower few hundred feet. 

At any particular location the 
maximum wet-bulb temperature is 
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lower 1000 ft of the atmos- 
phere 


110° 


day and hottest wet-bul 


reached at a time when there is 


not be at its record maximum for 
that location at the same time. 
Conversely, the conditions which 
exist when the dry-bulb Be pd 
ture maximum is reached will or- 
dinarily occur at periods when 
there is less total moisture content 
and thus lower wet-bulb tempera- 
tures 


To illustrate this point, Fig. 3 
shows a i een the 
actual daily wet-bulb and dry-bulb 


sequences at Dallas, Texas, on the 
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temperature generally would by 


wet-bulb and dry-bulb days 
in 1957. Somewhat by coincidence, 
these two days occurred only two 
days apart in the 1957 season. 
The air mass which 

through the evening hours of July 
30 was a dry, hot mass with air 
moving from the southwest or west 
over Dallas. At midnight the dry- 
bulb ture was 90 F and the 
wet-bulb temperature was 74F. 
The hourly sequence of wet-bulb 
and dry-bulb temperatures shows 
a decrease in of these ele- 
ments between midnight and 6:00 
a.m. A rapid increase in both wet- 
bulb and dry-bulb temperatures 
took place from 6:00 a.m. until 
noon, ex for a hesitation in the 
wet-bulb climb at 9:00 a.m., prob- 
ably caused by convective currents 
carrying moisture aloft and bring- 
the maximum wet-bulb tempera- 
ture was reached. This held steady 
for 2 hours as the dry-bulb tem- 
perature continued its movement 
upward. The dry-bulb tem- 
perature of 110 F was reached at 
4:00 p.m., at which time the wet- 
bulb temperature had decreased 
1F from its maximum, which 
prevailed from noon to 2:00 p.m. 


On that — day, be- 
tween 7:00 and 8:00 p.m., the wind 


shifted and a different air mass 
which had originated in the Gulf of 
Mexico moved over Dallas. This 
brought a sharp rise in the mois- 
ture content. July 31 was a rela- 
tively hot, moist day, and the peak 
day for wet-bulb temperatures was 
reached on August 1. The hourly 

uence shows a pattern similar 
to that for July 30, but the wet-bulb 


DALLAS, TEXAS 
\ | 
\ 
HOURS 
Fig. 3 Hourly sequence of 
dry-bulb and wet-bulb tem- = 
atures on hottest dry-bulb d 
day 
at Dallas, Texas, during 1957 
summer season 


tures are higher while the 
lbs are lower. The maximum 


dry- 
wet-bulb temperature was reached 


on Au 1 at 11:00 a.m. and con- 
tinued high through 7:00 p.m. 
The maximum dry-bulb tem- 
perature of 100 F cccurred at 5:00 
p-m., six hours after the maximum 


wet-bulb tem had been 
recorded. The ture fell 
idly from this being only 


F at 7:00 p.m. Both tempera- 


tures from 7:00 p.m. to 
midnight. A com of the 
two extreme days that: 


The maximum wet-bulb tem- 
Ag Dallas was reached 
when dry-bulb temperature 
The actual maximum dry-bulb 
temperature on the hottest dry- 
bulb day was some 15F higher 


than J F (110 F). 
dry-bulb tempera- 
ture on hottest dry-bulb’ day 


was reached when the wet-b 
temperature was 3F less than it 
was on the peak wet-bulb day. 
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MONTHLY VARIATIONS 
OF WET-BULB TEMPERATURES 


The number of hours — the wet- 
bulb temperature is above any par- 
ticular value varies at any locality 
for the same month from year to 
year. The month of July in one 
days, w the next year might 
have none or only one or two. 

Should an attempt be made to 
use only one year as typical of the 
array of the climatic range of wet- 
bulb temperatures, there would be 
a great risk that this particular 
year would not be representative 
of the longer period average. In 
this study, a 10-year sequence of 
data has been tabulated which re- 
sults in good average indications 
for each station. 

In Table I is shown the 10- 
year July record of high- wet-bulb 
temperature frequencies at Oma- 
ha, Nebraska. 

The number of hours when 
the wet-bulb temperature was 73 F 
during the 10- 


or more at 


TABLE | 


TEN SEASONS OF JULY HIGH WET-BULB 
TEMPERATURES AT OMAHA, NEBRASKA 


Wet Bulb, Hours - 
“ 1948 1949 1950 1951 a 1953 1954 1955 1956 1957 
8! 2 7 
79 5 9 8 7 16 9 ! 3. «2 
78 156 39 2 8 10 6 9 
77 14 34 17 3% 19 20 27 14 45 
76 18 53 2 2% 2% 31 S55 6 68 
75 32 60 4 42 34 4 3% 80 13 75 
74 53 4 7 33 2 34 53 105 [7 8! 
Totals 176 274 28 191 229 202 201 375 162 386 


, 


iod has ranged from 28 in 
1950 Fe 386 in 1957. The 10-year 
average is 233, 

Although values presented for 
stations in the published book are 
shown as average conditions cover- 
ing a 10-year span, it is important 
to understand that the average 
was derived from a series of data 
which reflect noticeable fluctua- 
tions for the same month or for 
the season as a whole from one 
year to the next. It is possible that 
on rare occasions a design should 
be based on the recorded highs 
rather than the averages. The nec- 

detailed information is avail- 
able, although it does not appear 
in the 


SEASONAL VARIATIONS 
OF WET-BULB TEMPERATURES 


Although the summer period 


Fig.4 A 
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treated in the book covers the four 
months of June, July, August, and 
September, most of the notably 
high wet-bulb temperatures occur 
during the two months of July and 
August at most stations. 

To illustrate the seasonal fluc- 
tuation in wet-bulb temperature 
frequency, the monthly pattern, 
which in turn produces the four- 
month seasonal total, is ted 
for five locations in the United 
States. 

The arrays at Chicago, IIL. 
Fig. 4, illustrate the fact that nearly 
all the top wet-bulb temperatures 
in the four-month seasonal period 
actually were contributed during 
the months of July and August; 
virtually none of the hours in the 
upper | percent, and very few of 
those in the upper 5 per cent, were 
recorded in June and September. 


and seasonal pattern 


of wet-bulb temperatures during the summer 
months of June through September at Chi- 


cago, 


+ 


verace monthly 
CHICAGO, ILLINOIS Average Number Hours 
SS SS SE SES 
June July = August «= September 4 Month Summer Season 


. During these two ha 
it is possible to have air masses 
icago which are consider- 


so chosen that the entire popula- 
tion of such wet-bulb temperatures 
are not recorded in the four sum- 
mer months, June through Sep- 
tember, it would become n 

to estimate the numbers ae ak 
hours contributed by the months 
of May and October. 


HOT SPELL WEATHER 
If wet-bulb temperatures had the 


same large fluctuation in a 24-hr 


pe the dey (a Sywheel ef- 


However, in the case of wet- 
bulb temperatures, it is somewhat 
typical that during hot spells the 
wet-bulb temperatures shows very 
little fluctuation during the 24-hr 
periods. 

By examination of several hot 

ll sequences at various stations 
it was determined that if one 
moves down from the top to the 
15th tile level in the popu- 
lation of all the June through Sep- 
tember hours, this will be a value 
which will be exceeded for one or 
more ful] 24-hr periods per sum- 
mer season. Thus it was concluded 
that a low recommended design 


od as that which is common for limit should be at the 15th per- 
-bulb temperatures, it would centile level of all hours, June 
be possible in some types of instal- through September. 
TABLE ll 


HOURLY FREQUENCY OF WET-BULB TEMPERATURES 
Wet-Bulb Temperatures 


City 828180 79 78 77 7 7 7 #73 68 
Number of Hours During Average Summer Season (June Through September) 

That Wet-Bulb Temperatures Equal or ead the Particular Degree 

Fahrenheit Value Shown Above 

Chicago ... | 2 4 10 21 46 79 131 207 286 387 504 632 751 889 
ee 2 411 29 74 165 306 532 753 993 1241 1452 1674 1835 198! 
Philadelphia | 2 6 15 40 87 148 240 351 483 641 787 950 1107 1256 
Lubbock, Tex. | 4 12 32 91 200 386 611 876 


Wet-Bulb Temperatures at the Four Specific Frequency 


Alt. Above Sea | Percent 5 Percent 15 Percent 6&0 Percent 
City Ft 77.7 74.8 715 64.6 
| Seer 674 79.0 77.2 75.4 70.9 
Chicago. .... 623 78.4 76.0 3 66.6 
Philadelphia 114 73.1 715 69.8 65.9 
Lubbock, Tex. 3242 Listed Below 
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The lower end of the array lations for the cooling tower equip- 
: for the four-month seasonal period ment to make up during the cooler 
is made up of hours contributed night-time hours much of the loss 
ably cooler _ 
| experienced in the peak warm pe- ! 
; riod of July and August. 
When low values are 
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WET-BULB DESIGN VALUES 


The in the prepa- 
ration of the book was to present 
the best available information in a 
manner that would be the most 
helpful to the engineer in choosing 
optimum design values. 

As previously noted, the data 
upon which the reported informa- 
tion is based were obtained from 
the most reliable sources available. 
ape observations in the major- 
ity cases were made continu- 
ously for a 10-year period. The 
portion representing the 4-month 

riod, June, July, August, and 
tember, has been yzed and 
the results presented in such a way 
that the designer can choose the 
icular wet-bulb temperature 
r a given locality that will be 
above the wet-bulb temperatures 
of any given percentage of the 
total hours of the period. This wet- 
bulb temperature is more usefully 
designated as the value equalled 
or exceeded a given number of 
hours or a given percent of the 
total hours. 

There are 2928 hrs in the 4- 
month summer period. A 1 percent 
design criterion would entail ap- 
proximately 30 hrs. Therefore, a 
statement that a particular wet- 
bulb temperature had to do with 
the 1 percent level would mean 
that for any year during the months 
of June, July, August, and Septem- 
ber the normal e cy would 


be for 30 hrs to be at or above the 
noted wet-bulb temperature. Simi- 
larly, the 5 percent and 15 percent 
levels would have to do with the 
wet-bulbs that would be equalled 
or exceeded for approximately 150 


equ array $s 
in Table II is a cumulative total 
of the number of hours at which 
the noted wet-bulb temperatures 
were equalled or exceeded, start- 
ing from the highest temperature 
and working downward through 
the entire sample of wet-bulb tem- 
peratures for each station. 

Table II is an excerpt from a 
rather entensive table which is in- 
cluded in the book, showing the - 
detailed tabulations at 432 loca- 
tions. 

In addition to the table, iso- 
line maps of the three design levels, 
1 percent, 5 percent, 15 per- 
cent are presented. 

COINCIDENT DRY-BULB 

VALUES 
One of the completely new tabula- 
tions presented deals with the dry- 
bulb temperatures which occur co- 
incident with high wet-bulb read- 


49 locations scattered 
throughout the entire country, 
complete coincident arrays were 
made by each degree of dry-bulb 
temperature and each degree of 
wet-bulb temperature for the higher 
summer wet-bulb temperatures. 
These stations have been given 
special treatment to show the pat- 
tern of coincident wet-bulb and 
dry-bulb temperatures which 
vail in the when) represented. The 
frequency patterns are portrayed 
on psychrometric charts. 
COINCIDENT WINDS 
Another feature appearing for the 
first time is the presentation of 
winds which occur coincident with 
high wet-bulb readings. Velocity 
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The maximum operating tempera- 
ture of a refrigeration compressor 
is often limited by chemical insta- 
bility of the working fluid used in 
the systems: This fluid is a solution 
or mixture of refrigerant and lubri- 
cant, and the present discussion is 
limited to combinations of dichlo- 
rodifluoromethane (Refrigerant 12) 
and petroleum oils. When tested 
independently, both refrigerant 
and oil are stable for the operating 
life of the equipment at tempera- 
tures well above those normally 
attained in refrigeration compres- 
sors.?:? However, it has been known 
for some years that Refrigerant 12 
and petroleum oils will react at 
moderate temperatures, and that 
the rate of reaction is influenced by 
the nature of the oil and accelera- 
tors, such as steel, iron oxide, mois- 


G. C. DODERER 


As many of the studies re- 
rted are of a comparative na- 
the mechanism reac- 
tion between Refrigerant 12 and 
petroleum oil has not been defined 
clearly. Shaw and Brandon* heated 
Refrigerant 12 and two different 
oils in glass-lined steel bombs, ob- 
serving that one solution darkened 
while the other showed no change 
in color. No chemical analyses 
were performed, nor did the au- 
thors discuss the refrigerant-oil re- 
action. Steinle* used a sealed tube 
test developed by Philipp and Tif- 
fany® to compare the reactivity of 
a series of oils with Refrigerant 12. 
His results showed that the amount 
of darkening of the oil-refrigerant 
solution was related to the “resin” 
content of the oil. HCl and water 
were formed as products of the 
reaction and he suggested that tar 
or coke is formed as polymerization 


roduct of the oil. He pointed out, 
that his did not 
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238 
define the mechanism of the reac- 


tion. 

Flowers and Kelley* 
also color change as a meas- 
ure of the extent of the refrigerant- 
oil reaction. The general mechan- 
ism they proposed is that chlorine, 
and, to some extent, fluorine are 
split from the refrigerant molecule 
to combine with hydrogen atoms 
coming from the hy bon mole- 
cules comprising the oil. These 


authors also analyzed the contents . 


of several tubes for chloride, show- 
ing that chloride formation in- 
creased with time. Williamitis’ 

inted out that the “relative Re- 
12 deterioration” showed 
large variations depending on the 
nature of the lubricant used. He 
did not state how deterioration was 
measured. Kvalnes and Parmelee* 
studied effects of type of oil, oil 
viscosity, oil additives, metals, 
moisture, antifreeze agents and 
cellulose on the refrigerant-oil re- 
action. Their results are reported 
as percent refrigerant decomposed, 
based on chloride analysis. The 
authors assumed stoichiometric de- 


TABLE | 


PHYSICAL PROPERTIES AND 
PETROLEUM 


Oil A 
0.8823 0.9149 
1.4780 1.4980 
108 92 
192 156 


Oil B 

Density, 20 C 

Refractive index, Nv” 

Viscosity, cs at 20 C 
314 299 

35 57 8 


VEC -Ri™ 4 56 3% 8 
565 8 
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tion of Refri ts 12 and 
Walker, Rosen and Levy® have 
reported effects of water, air, tem- 
perature, time and various metal 
combinations on mixtures of Re- 
frigerant 22 and three refrigerating 
oils. Tube contents were rated for 
color, viscosity change, sediment, 
wall deposits and copper plating 
as measures of the extent of reac- 
tion. No attempt was made to 
elucidate the course of the reac- 
tions or to identify reaction prod- 


ucts. 

The purpose of the present 
study was to gain a clearer under- 
standing of the Refrigerant 12-pe- 
troleum oil reaction rather than to 
obtain more comparative data. A . 
careful study of the reaction prod- 
ucts formed at different tempera- 
tures and times provides informa- 
tion about the mechanical and 
kinetics of the reactions. 


Materials and i Pro- 
cedures—Refrigerant 12 from a sin- 
gle cylinder was used for calibra- 
tion of the mass spectrometer and 
for sealed tube experiments. Two 
different petroleum oils were 
studied: Oil A, a highly refined 
“water-white” oil, and Oil B, a 
medium refined naphthenic oil re- 
covered from Gulf Coast crudes. 
Physical properties and carbon- 
composition of each are given 

in Table I. 
Known quantities of Refriger- 
ant 12 and oil were sealed into 
combustion tubes (200 mm 
ngth, 8 mm ID, 10 mm OD) 
which were then heated, and the 
contents analyzed quantitatively. 


Details of the method of preparing 
the sealed tubes have been pre- 
As we 
in refrigerant and a 
of compressor valve 
steel tee 0.048 rece was added 
to each tube prior to sealing. Pre- 
cautions were taken to eliminate 
moisture and air from the oil and 
to control other variables, such as 
tube size and metal surface condi- 
tions. Instead of being placed di- 
rectly in an oven, the sealed tubes 
were inserted into a stainless steel 
cylinder, which was partially filled 
with liquid Refrigerant 12 and then 
closed. This produced an excess 
pressure on the outside of the glass 
tubes, since the saturation pressure 
of pure Refrigerant 12 is greater 
than that of refrigerant-oil solu- 
tions. Consequently, the pressure 
differential between inside and out- 
side the glass tubes was reduced 
guy and gee tube breakage in 
oven was eliminated. 

After the heating period, the 
Refrigerant 12 was ascherged from 
the stainless steel cylinder, the 
tubes removed and prepared for 
analysis. A sample tube was par- 
tially immersed in liquid nitrogen 
to ven the refrigerant oe lower 
internal reducing the 
a scratch was filed near the tip. 
The tip of the cold tube was in- 
serted into the sampling fixture 
shown in Fig. 1 through a — 
fitting vacuum hose section, 
tube being pushed in until the file 
scratch was even with the end of 
the r tubing. Liquid nitrogen 

was again applied the sam- 
pling was connected to the 
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mass spectrometer through a cali- 
brated gas handling system, as 
as shown in Fig. 2. The gas system 
and sampling fixture were evacu- 
um gauge indicated a pressure 

fannie ten microns Hg. The 
evacuation port was closed, liquid 
nitrogen removed, the sample tube 


VACUUM HOSE 


FILE SCRATCH 
10 mm O.D. PYREX+ 


OL + R-12 


Fig. 1 Sampling fixture 


Fig. 2 Calibrated 
gas handling system 
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grasped with a gloved hand, and 
sideways pressure exerted to break 
off the glass tip against the end of 
the copper tubing. Liquid nitrogen 
noncondensable expanded 
immediately. As tube warmed, 
the refrigerant and other condensed 
= gradually volatilized into the 
own volume system. After the 
tube had warmed to room tempera- 
ture, the equilibrium pressure was 
read with a manometer. The amount 
of refrigerant originally charged 
into the tube y produced a 
ssure between 250 and 300 mm 
g in the system volume of about 
800 standard cc. 

The large bulb, which consti- 
tuted about 80% of the total ex- 
’ pansion volume, was then closed 
off and gas evacuated from the rest 
of the system. The evacuation 
was closed and gas was allowed to 
expand from the bulb to the mass 
spectrometer. Since there was some 
possibility of partial gas fractiona- 
tion as the sample tube warmed to 
room temperature, gas for analysis 
was taken from the bulb, where 
mixing diffusion could occur 
more readily than in the small diam 
tubing. 


Gas samples were analyzed 
using an analytical mass spectrome- 
ter. efter manually recording hy- 
drogen, the instrument was set to 
automatically scan upward from 
m/e 12, usually stopping at m/e 
85, the base peak of Refrigerant 12. 
The sequence of running calibra- 
tions and samples was important. 
The first indication of Refrigerant 
12 decomposition was. the a - 
ance of Refrigerant 22, CHCIF,, 
with base peak at m/e 51. Refriger- 
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ant 12 contributed less than 0.20%, 
relative to its base peak, to the 51 

. Mass spectrometer cracking 
Pome of a normally show 
slight variations from one run to 
the next. Greatest variance found 
in the 51 during Refrigerant 
12 calibrations indicated that Re- 
frigerant 22 could be detected with 
certainty, when 0.10 standard cc or 
more was present in the entire gas 
sample from the tube. 

The base peak of hydrogen 
chloride is at m/e 36. Refrigerant 
12 contributed about 1.8% of its 
base to the 36 peak. A similar 
check of calibration pattern varia- 
tions indicated 0.20 standard cc to 
be the detection limit for HCl. 

Refrigerant 12 was run first to 
record its cracking pattern and 
establish its contributions at m/e 
36 and 51. Experimental samples 
were run next. In order to realize 
the greatest sensitivity for Refrig- 
erant 12 decomposition with the 
least interference from ome- 
ter background, the tubes for a 
day’s analysis were arranged ac- 
cording to degree of fluid darken- 
ing and amount of sludge accumu- 
lation. Samples having little or no 
decomposition were run first while 
the spectrometer tube had negligi- 
ble background. Tubes with 
most decomposition were analyzed 
last, and scans to determine HCl 
background corrections were often 
necessary between sample runs. 

After all sample patterns were 
recorded and another background 
determined, Refrigerants 12 and 22 
and HCl were calibrated in that 
order. Lastly, calibrations were per- 
formed for hydrogen and other 


REACTION OF REFRIGERANT 12 wirH O:Ls By SPAUSCHUS AND DopERER 241 


detected in the samples. 
Using relative sensitivities deter- 
mined from the gas calibrations 
and appropriate corrections for co- 
incident peaks, percentage compo- 
sitions of the gas samples were cal- 
culated. These percentages were 
then used with the measured vol- 
ume of gas sample to calculate the 
amount of component pres- 
ent, expressed as standard cc of 


gas. 


RESULTS AND DISCUSSION 


Mechanism of Refrigerant 12-Oil 
Reaction — Series of experiments 
were conducted at 175 and 200C 
with tubes heated for periods of 7, 
14 and 28 days. Results are sum- 
marized in Table II. In these ex- 
periments the ratio of weight re- 
frigerant to weight oil was held 
nearly constant in the range 1.7 to 
1.9. All results are the average of 


duplicate or triplicate experiments. 


TABLE Il 


STANDARD CC OF GASES 
FORMED BY REFRIGERANT 
12-OIL REACTION 


175 Cc 
Tone (days) 28 28 
HCI — — 34 12.2 55 
co, —- — — 0.09 0.36 3 
Refrigerant 
22 0.07 0.10 0.23 2.3 7.2 24 
200 C 
Time (days) 7 14 > & 
H: 17 50 
co — 1.3 
HCl 03 09 69. 179. 
co, 62 25. 
Refrigerant 


Blanks in the table indicate absence 
of the gas. 

The first gas to appear, and 
hence, the ol sensitive indicator 
for the reactions, was Refrigerant 
22. As conditions became more se- 
vere (higher longer re- 
action time, less highly refined oil), 
new reaction ucts appeared in 
the order HCl, CO,, CO, and CH,. 
From these results, a mechanism 
for the Refrigerant 12-oil reaction 
has been postulated. At high tem- 
pu Refrigerant 12 reacts se- 

ively with “activated” molecules 
in the oil to form Refrigerant 22 
and an unstable chlorinated hydro- 
carbon. 


CCl R-CH;-CH,—> 


- CH; CHCIF: (1) 


An activated oil molecule, R- 
CH,-CHs, is visualized as differing 
from “normal” oil molecules either 
in structure of the carbon skeleton 
or because it contains non-hydro- 
carbon atoms such as phosphorous, 
nitrogen, oxygen or sulfur. Since 
more Refrigerant 22 is formed with 
the less highly refined Oil B, it is 
ys gp that the concentration of 

ese activated molecules can be 
reduced by acid washing or clay 
adsorption refining processes. 

At high temperatures the chlo- 
rinated hydrocarbon dehydrohalo- 
genates to uce HCl and an 
unsaturated hydrocarbon. 


R - CH - CH, ——> RCH = CH; 


+ HCl (2) 


HCl appears somewhat later than 


Refrigerant 22, indicating that the 
chlorinated hydrocarbon does not 


ey 
RCH 
a 
di 
| 
eye 
é 
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immediately. Experi- 
mental data show that the concen- 
tration of halogenated oil is usually 
small, since approximate chloride 
balance exists between initial Re- 
frigerant 12 and final 12 unreacted 
+ 22 + HCl. For example, in a 
ical t the tube was 
ed with 1.485 gm of R 

t 12. After heating, the vol- 
umes of gases found were 160 cc 
of Refrigerant 12, 59 of Refrigerant 
22 and 166 of HCl. The 
balance is: 
gm Cl from HCl ......... 0.263 
gm Cl from Refrigerant 22 0.094 


gm Cl from Refrigerant 12 0.507 _ 


Total 0.864 

gm Cl from ori 
Refrigerant 12 ......... 0.870 
When the concentration of un- 


saturated hydrocarbon molecules 
becomes sufficiently large, they 
polymerize to form tar or coke. 

n RCH = CH: 


(3) 


HCl, as formed by reaction 
(2) can attack iron or steel present 
in the system, forming hydrogen 
and iron chloride. 


Fig. 3 Rate of Refrigerant 22 for- 
mation 


eo 
On B - 200°C 
so 
40 
3 
Om B - 178°C 
20 
10 
OIL A - 200°C 
OU a - 178°C 
7 14 23 
TIME (DAYS) 


2HCl-+ Fe—> FeCl, 
or 
6 HCl-+ 2Fe ——> 8H, + 2FeCl, 
(4) 


Quantities of hydrogen are small, 
indicating this reaction is of minor 
magnitude for conditions studied. 
Microscopic examination of the 
steel strips, after high tem ture 
tests, revealed a thin surface film 
in all cases where hydrogen was 
formed. Unfortunately, film 
was too thin to confirm the pres- 
ence of iron chlorides by X-ray dif- 
fraction analysis. 

Previous studies of the thermal 
decomposition of Refrigerants 12 
and 22 provide clues to the mech- 
anism of CO, and CO formation 
observed for the more severe con- 
ditions. Norton? has shown that 
Refrigerant 12 is relatively stable 
up to temperatures as high as 500 
C. In the presence of catalysts the 

ition rate is enhanced, 

but even with Fe,O,, the most ef- 
fective catalyst, the decomposition 
rate is too low to account for the 
CO, found in our experiments. Re- 
frigerant 22, however, decomposes 
at much lower temperatures with 
the formation of CO and CO,. In 
the presence of effective catalysts, 
1% of the Refrigerant 22 is decom- 
per hr at 150C. The over- 

all reaction for experiments carried 
out in glass tubes is given by Nor- 


ton as 
CHCIF, 
CO; +60 + SiF. + 2HCl (5) 
experiments, the partial 


In our 


pressure of Refrigerant 22 was 
relatively low and the iron surface 
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covered with oil-refrigerant solu- 
tion, thus the rate of Re- 
22 thermal decomposition. 
In keeping with this hypothesis, our 
results reveal increased CO, for- 
mation with increasing tempera- 
ture, time and Refrigerant 22 con- 
centration. The increase in HCl/ 
CHCIF, ratio under severe condi- 
tions is further support for reaction 
(5). 

Trace quantities of methane 
were detected under the most ex- 
treme reaction conditions studied, 

obably bein uced ther- 


R - CH; - CH; > R’ - CH; + hy 
In the postulated mechanism, | 
Refrigerant 22 is formed by reac- { 
tion (1) and some of it subsequent i 
decomposes to form CO, and CO 
by reaction (5). Other studies** 
have shown that Refrigerant 22 will 
also react directly with oil, although 
not as readily as Refrigerant 12. It 
has not been possible to obtain in- 
formation about this reaction in the 
present series of tests because of 


TABLE Ill 


EFFECT OF REFRIGERANT 
12-O1L RATIO ON GASEOUS 
REACTION PRODUCTS 


AT 200 C 
14 Days 

Oil A B 
Refrigerant 
12/Oil 1.16 1.70 3.13 102 188 3.70 
CH — 03. 09 
CO 2.5 1.7 
HC! — — 0.15 15) 164 159 
22 0.42 0.90 2.3 48 55 59 


: 

a 
ky 

cae 

3 


the complexity of the reactions pre- 

i to or concurrent with the 
Refrigerant 22 reaction. Substitut- 
ing Refrigerant 22 for 12 in the 
sealed tubes would be a more di- 
rect and simpler method of study- 
ing this reaction. 


Our ts have estab- 
lished that io quantities of Re- 
frigerant 22 are formed, thus prov- 
ing that the decom 
is not stoichiometric with respect 
to chloride formation as suggested 
by Kvalnes and Parmelee. Al- 
though the reactions involved are 
complex, the quantity of chloride 
will usually provide a relative 
measure of the Refrigerant 12 de- 
composition rate. < 


Effect of i 12-Oil Ratio 
on the Reaction — A series of tests 
was conducted to see what effect 
the ratio of Refrigerant 12 to oil 
had on the type and quantity of 
reaction products. Results for 
oils at 200 C, 14 days, are given in 
Table III. 
For the combination Refriger- 
ant 12-Oil B, which produces large 
of reaction products, 


position of 12 proa' 
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the type or quantity of gases formed 
in increasing the Refrigerant 12 to 
oil ratio by a factor of more than 
three. Variances in — the 
individual gases are within the 
magnitude of error expected in 
these measurements. A possible ex- 
ception is the small but regular in- 
crease in Refrigerant 22. These 
results imply that reaction (1) ap- 
ches zero order for oils con- 
taining a high concentration of 
“activated” molecules. The rate of 
reaction may be limited by the rate 
of diffusion of reactants or prod- 
ucts the phase. 

For Oil A, which produces 
small quantities of reaction prod- 
ucts, Refrigerant 22 formation in- 
creases rapidly with increase in the 
Refrigerant 12 to oil ratio. An ap- 
proximation calculation indicates 
the reaction for this combination is 
first order with respect to Refriger- 
ant 12 concentration. The weight 
of Refrigerant 12 charged into the 
tubes provides a measure of the 
initial concentration, a, and it is 
assumed that one molecule of Re- 
pe. sae 12 has reacted for each 
molecule of 22 detected. The quan- 
is designated as x. For 
a 


tities 
= are no significant changes in order reaction 
TABLE IV 
REACTION RATE CALCULATIONS, 200 C 
Initial Concentration 
stan a 
Refrigerant 12 Quantity ~ 
gm Refrigerant 12 (a) Reacted (x) a—x 
Oil A 0.958 177.5 0.42 1.002 
1.587 294.1 0.90 1.003 
2.965 549.4 2.3 1.004 
ail B 0.962 178.3 48 1.37 
1.580 292.8 55 1.23 
601.7 59 1.11 
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2.303 a 
k=: log 
t a—x 


and at constant time 
a kt 


l = = 
a—x 2.303 
Results are summarized in Table 
IV. 


The ratio is nearly con- 


a—x 

stant for Refrigerant 12 with Oil A 

indicating a first order reaction as 

a distinct possibility. For Oil B, 
a 


the ratio decreases with in- 


a-—x 


creasing Refrigerant 12 concentra- 
tion. 


Rates of Reaction — Complexity of 
the Refrigerant 12-oil reactions 
makes it difficult, if not impossible, 
to interpret the results rigorously 
in terms of chemical kinetics. The 
system is heterogeneous and liquid 
phase concentrations at high tem- 
peratures can only be approxi- 
mated. Presence of steel catalyzes 
the reactions. Some reaction prod- 
ucts themselves are not stable and 
undergo further reactions. 
Data for Oil B at 175C, as 
iven in Table II, were fitted to the 
t order rate equation using Re- 
frigerant 22 quantities as a meas- 
ure of the amount of Refrigerant 
12 decomposed. The plot of log 
fraction reacted versus time was 
not linear. No calculations were 
made for Oil A-Refrigerant 12 re- 
actions because the quantities of 
Refrigerant 22 found were ex- 


tremely low, and small errors would 
be magnified many times in rate 
calculations. 

In discussing the reaction 
mechanism, it was noted that Re- 
frigerant 22 is the most sensitive 
indicator of Refrigerant 12 reac- 
tion. Thus, the Refrigerant 22 con- 
tent, at any given time, provides a 
relative measure of the extent of 
the reaction. In Fig. 3, the amounts 
of Refrigerant 22 are plotted as a 
function of time for both oils at 175 
and 200C. Although some of the 
Refrigerant 22 undergoes further 
reactions, the curves in Fig. 3 pro- 
vide a means of comparing the 
high temperature reactivity .of dif- 
ferent oils with Refrigerant 12 and 
illustrate important influences of 
the type of oil and temperature on 
the reactions. Oil A with 1 Refriger- 
ant 12 at 200C is considerably 
more stable than Oil B with Re- 
frigerant 12 at 175C. 

The high sensitivity of mass 

meter analysis provides an 
advantage to this method as com- 
pared with previously published 
studies. In a period of days, differ- 
ences in reactivity of various oils 
are readily distinguishable in tests 
at 175C. At higher temperatures 
this time can be reduced even fur- 
ther. However, the probability of 
complicating side reactions places 
a definite upper limit on the tem- 
perature at which realistic tests 
can be conducted. 
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i 
i 


condenser, where the oil containing the copper 
gets into the condenser and deposits this cop- 
per out in little particles into the bearings and 
system. 

How was it determined whether there 


were nonvolatile contaminants present or 
produced during the heating process, which 
were not discovered through the technique 


at 50 C intervals until the sludge begins to 
volatilize. This results in certain patterns 
characteristic of fragments which 


beginning determinations, was there any 
specific lati: betw color in 
some of the less active tubes and the findings 


q 1. A. Naman, Houston, Tex.: It is my under- these are hydrocarbons, chlorides, etc.; the g i 
standing that in addition to the production of moiecular structure is not known specifically, & 4 
hydrochloric acid and other contaminants, but is characteristic of the sludge. Using this ; ‘ts 
som technique, we have established that the black ta 

the to deposits removed from compressors operated 
some w he tt art us the at excessive temperatures. = oo 
W. ©. Waxxer, Coral Gables, Fla.: Since 
color was used as a rough mechanism for a < 
lesoribed? Avutuor Spavuscnus: The correlation is quite 

good, especially in those cases where reaction q ia be 
: Avrnon Spauscnus: A technique was devel- has proceeded to quite an extent. When a > ta 
oped whereby the sludge is placed in a brownish color appears and two tubes are 4 ie 

vacuum furnace which leads directly to the placed adjacent to one another, it is possible —. 

i to tell which one has reacted further. How- : i 
: ever, at the lower levels of decomposition there a , 
may or may not be a color change, and, there- a ; 

fore, there may be some uncertainty. In such ’ a 

at various levels of temperature. Some of cases, the quantitative data are superior. a 
7 4 
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Sizing of Refrigeration System Pipelines 
for Optimum Economy 


DONALD J. RENWICK 


Most methods of pipe sizing for 
systems have been 

on allowable pressure drop 
or else a suitable range of velocity 
of flow, where it was assumed that 
the recommended values to be used 
were determined by investigators 
so as to result in reasonable econ- 
omy and operating conditions; rea- 
. sonable insofar P the annual in- 
vestment cost of the piping as in- 
stalled, together with the pumpin 
cost to overcome friction losses o: 
the fluid flowing, would be near a 
minimum total cost of owning and 
operating the system. 

Since the cost of electricity per 
kw hr has been gradually decreas- 
ing as time progresses, while the 
manufacturing and raw material 
costs for piping as well as installing 
labor costs have all risen consider- 
wf in recent years, a review of 

oh pipe size selection 

Donald J. Renwick is Associate Professor of 

Mechanical Engineering, Michigan State Uni- 

was oon for presenta- 

the jannual Meeting, 
‘Chicago, February 1961. 


for electric motorized refrigération 
haga is thought to be oppor- 


a” a consequence, a series of 
ipe selection charts, which are 
on a combination of ana- 
lytical and graphical bed 
analysis of the economic 
affecting the optimum sizing of 
refrigeration pipelines, has 
devised and they are herein pre- 
sented. It is felt the charts are both 
flexible in that they allow for 
changing economic conditions as 
well as bein in their 
inclusion of major factors that 
should be considered in the selec- 
tion of pipe sizes for optimum 
economy. 
REVIEW OF ECONOMIC 
ITEMS INVOLVED 
Fig. 1 illustrates schematically the 
economic pattern involved in pipe 
size selection. Curve “A” shows 
how the cost of overcoming friction. 
will decrease as the diameter of 
pipe is selected toward larger sizes. 
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This cost will accrue from 
a ork of running the com- 
vais the lines and can 
be evaluated in terms of added 
cost of electricity for any electric 
motor driven compression type of 
system. 
Curve “B” represents the typi- 


cal trend of installed pipe cost, 
which naturally increases as larger 

diameters are selected. The total 
cost, represented by curve “C,” 

which is obtained by adding curves 
A and B together, illustrates that a 
definite minimum cost or optimum 
diameter will occur. Several Lad 


mum diameter should be in 
given design and a lecheseatical 
ical method will now be de- 
veloped for determining the diame- 
ter of both suction and di 
pasate of refrigeration systems for 
refrigerants. (See 
Append or construction details 
ig. 1.) 


FUNDAMENTAL EQUATIONS 
AND NOMENCLATURE 


The fundamental analysis and de-. 
velopment of a method for pipe 


sizing proceeds as follows: 

Total annual cost = cost of fluid fric- 
tion per year + annual investment 
cost of pipe as installed 

Work of fluid friction = 4P v w 
{in ft-lb per sec) 

Cost of fluid friction per year = 
8760 AP vwU:E 

(in ¢/year) 


for friction loss in lbs per ft’ 


0.184 
Pipe friction factor 


(R.) 
for copper tubing 
0.23 
{= = Pipe friction factor for 


(R.) 
steel tub estimate at 25% higher 
than 


A-FRICTION COST/ FT. PIPE / YEAR 
B - PIPE INSTALLATION COST/FT/ YR. 
C- TOTAL COST PER FOOT PER YEAR 


Cost ($/FOOT/ YEAR) 


Fig. 1 


° 2 
PIPE 


6 7 


3 4 5 
DIAMETER (IN.) 


COST OF FLUID FRICTION AND INSTALLED PIPE COST 


738 4. 

fL.p V’ 

AP = ————-= _ Fanning equation 
2gD 
=———_= Reynolds num 
.00806 » 

Ne 

» 


in., D=diam ft 
ivalent length of piping sys- 


Inside pipe diam 


Actual length of piping system, ft 
Density of fuid fowing in Ib per 
R.E. = Refrigeration effect in Btu lb 
T= System capacity in ton 


576 wv 
= Fluid velocity in fps 
ard 


v= Average specific volume of fluid 
ft per Ib 


a 


E = Electrical cost in cents per kw hr 
%.—= Overall isentropic compression 
$00) motor efficiency combined (%/ 
U:=U factor as fraction of year 
running time (%/100) 
4 = Fluid viscosity in centipoises 
8760 hr per year 
738 = Conversion factor for ft-lb per 
sec to kw 
Making all the appropriate substitu- 
tions as indica’ above and combin- 
ing constants, the cost equation then 
mes : 
Total annual cost = 
5.87 X v? EL. Us 


(RE)** 9. d** 


LX 


Now to determine the optimum di- 
ameter the above equation should be 
differentiated with respect to diame- 

us: 


— (Total Cost) =0 = 
8d 
L. 1 
2.58 X 10° T* E ——U: 
L % 
a** 


(R.E.) ** 


Graphically differ- 
entiated cost of pipe 
per foot 


which in effect indicates that the 
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diameter will be um when 
the differentiated value of the fric- 
tion cost term exactly equals the 
differentiated term for installed 
cost. 
This last term of the equation 
(for installed pipe cost) is more 
conveniently handled graphically 
and is so indicated above, since 
there is no universally simple equa- 
tion or expression for the installed 
cost of piping based on variation 
with diameter. Several references 
(notably 3, 4, and 5) show graphical 
presentations of pipe cost and 
clearly illustrate the natural rising 
trend of cost with increasing diam- 
eter. The total installed cost of 
igher than the purchase price of 
straight pipe alone, since cost 
of fittings and installing labor must 
be included in the total. 
However, the proportional 
trend is still maintained and some 
investigators (4 and 6) have noted 
the average installed cost of pipe 
increases to about the 1.5 power 
of diameter. However, this power 
factor varies from less than 1 to 
greater than 2 depending on such 


items as of pipe, number of 
fittings, invividual 
current pricing schedule, quantity 
discounts, shipping costs, and in- 
stalling labor wage scales. 


Fig. 2 illustrates a typical pipe 
cost variation with diameter; and 
since this is a log log plot, it indi- 
cates (by slope of curve) a some- 
what less than unity power factor 
for steel pipe sizes less than 1 in., 
and about 1:1 ratio of cost to diam 
in the mid-range of 1 to 3-in. pipe 
sizes, and for sizes larger than 3 in. 


4 
L, = Equ 
tem, ft oe 
T X 200 
of fluid flowing 
60 X R.E. 
per sec 
+ : 
Graph of installed 
pipe cost—¢ per ft 
per yr basis 


the power exponent approaches 2. 
A similar plot of a typical cop- 
per tube price list indicates a slope 
of about 1.25 for sizes smaller than 
2 in. and about 1.8 for sizes over 
2 in. diam. It is assumed that re- 
the final installed price of 
a given piping system, a reasonably 
accurate price estimate can be 
made from a cost graph based on 
an average system. appendix 
then presents a method for differ- 
entiating such a curve and adapt- 
ing it to the charts presented here 
for optimum pipe size selection. 
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CONSTRUCTION AND USE OF 
PIPES SELECTION CHARTS 


Figures 3, 4, and 5 illustrate pipe 
size selection charts for Refriger- 
ants 12 and 22 and ammonia 77 
spectively. ‘The sl lines label- 
led “co “steel- 
sched. 46’ represent the effect of 
installed cost of either copper or 
steel piping and are located (as 
referred to above) by the method 
outlined in the appendix. These 
pipe cost lines may occasionally 
need to be relocated, but only at 
times of appreciable pipe cost 
changes. 


Fig. 2 
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frigeration effect (RE) all de 
on the refrigerant used as well as 
the cycle ating conditions, 
g temperature. Their com- 
bined effect together with the 
formula constant of 2.58 < 10° are 
included in the location of - 


nditi; of the 


corner). Next, the system capaci 
tonnage (T) scale alon 


scale to account for the 2.8 expon- 
ent of T. 


each taken in successive 
order. Finally, the 45 deg guide 
line is followed to its intersection 
with the pipe cost line at which 
point the optimum diameter can be 
read as the solution directly below. 


CHOOSING VALUES FOR 
PARAMETERS IN COST 
EQUATION 
Starting again at the chart entry 
condition fa left), further de- 
tails of the choice of suitable values 
to use for each parameter will now 
be discussed from the standpoint 
of factors involving engineerin 

In determining the refrigerant 
property parameters, the refrigera- 
tion cycle operating conditions first 
have to be decided upon or esti- 
mated. For these charts the follow- 
ing cycle conditions were assumed: 
(1) A single stage compression sys- 
tem with evaporator temperatures 

ranging fi from — 40 to + 40F and 

g temperatures from +70 

to +130 Fr (2) Liquid entering the 
ion valve at 10 F subcooled; 

(3) Vapor leaving evaporator with 

superheat for Refrigerants 12 

a2 but 5 F superheat for am- 
monia; (4) Suction temperature 
entering com r at 65F for all 
Refrigerants 12 and 22 systems but 
30 F superheat for all ammonia 
systems, use (5) a liquid to suc- 
tion line heat exchanger was as- 
sumed for all Refrigerants 12 and 
22 systems which were below 40 F 


/ evaporator temperature, but no 
heat exchanger for any of the am- 
monia systems. 


Since there is some doubt 
about the advisability of using 
liquid to suction line heat ex- 
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The rest of the chart is con- 
structed to allow for each of the 
parameters contained in the first 
term of the pipe cost equation 
(i.e., for While this 
term to be complicated, it 
is pr and the 
several parameter effects, when 
once located by scales on 
the chart, are goed feral time and 
never need to be changed. Some 
engineering judgment will, of 
course, be required to estimate 
suitable values to use for each of 
these parameters in a given design 
situation. 
ARRANGEMENT OF CHART 
SCALES 
The electrical cost (E), the 
equivalent ratio (L/L) 
, the reciprocal of overall efficien 
(1/n.) and the use factor (U;) are 
. all taken care of as multiplyin 
pa by using the verti 
og scale for addition adjustments 
at the index line for the effect of 
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442 
438 
of heat inter- 


Refrigerant-22 because 


0.510 0170 
0.096 
= 110.5 Btu/Ib for 
changer effect. In taken for 10 F subcooling of liquid. 


h, assumed at 84 Btu/Ib for Refrigerant-12 at all evap, temps. 


and hs 


| 

$53 

993923 33 

> 

289 599 398 598 538 ges 

23 


ers in Refrigerant 22 

(see Reference 2, . 53), the 
entry constant was calculated for 
cycles both with and without the 
heat exchanger present; however, 
the difference is negligible, so the 
chart entry constants are based on 

cles with the heat exchanger in- 

uded. Table I lists some of the 
values used over the range of 
evaporator and condensing tem- 
perature conditions for the three 
refrigerant properties of viscosity, 
br volume, and refrigeration 

ect with the final chart entry 
constant as calculated. 

Should anyone not care for the 
above assumptions or had a modi- 
fied cycle involving multi-staging, 
intercooling, or temperatures out- 
side the range covered, or any other 
different cycle conditions for what- 
ever reason, he can still enter the 
chart by calculating his own value 
of 2.58 X 10° «? v* + (RE)** and 
then use the vertical numerical 
scale for entry along the left hand 
side and ignore refrigerant 
operating temperature conditions 
part of the chart. 

It may be noted above that 
the viscosity parameter has a con- 
spicuously weak effort since it 
varies from about 0.01 to 0.02 centi- 
poises for most refrigerant vapors 
over a wide range of operating con- 
ditions, and then after taking the 
0.2 power, the result comes close 
to 0.40 and 0.44 universally for 
both suction and discharge line 
vapors respectively for most of the 
usual refrigerants. 

Specific volume squared is, on 
the other hand, a highly important 
parameter to obtain as closely as 


possible because of its wide range 
of variation with different operat- 
ing conditions, which when squared 
increases the magnitude of effect 
still more. However, its value can 
easily be obtained with sufficient 
accuracy by reference to a standard 
Mollier (P-H) chart for the re- 
refrigerant used once the operating 
conditions have been established. 

Refrigeration effect is also im- 
portant since it is raised to the 2.8 
power, but again the Mollier chart 
serves adequately and indicates a 

ible range of 40 to 60 for Re- 
lament 12 (or 60 to 80 for Re- 
frigerant 22 and about 420 to 

for ammonia) over the range 
of operating conditions assumed 
above. - 

To illustrate further with a 
numerical example, assume an Re- 
frigerant 12 system with R.E.=50 
Btu/Ib and specific volume = 4 
cu ft/Ib, and viscosity = .015 cen- 
tipoises; then the chart entry con- 
stant would be 2.58 X 10° X 
(015)? X 4 + 508 = 
This would be true for 
ae tubing as used typically 
with Refrigerant 12 and 22 sys- 
tems, but if steel tubing were 
used, then the friction factor can be 
approximated at about 25% to 60% 
higher, according to some authori- 
ties (refer. 13 and 17) and assuming 
the 25% increase here, would re- 
sult in a formula constant of about 
3.22 X 10° instead of 2.58 < 10° 
and thus the chart entry constant 
would increase to 38.9 instead of 
31.1. Ammonia systems, of course, 
use ferrous pipe only and there is 
no need for copper pipe informa- 
tion on the ammonia pipe selection 


chart. 


For either the Refrigerant 12 or 
22 charts where both copper and 
steel piping lines appear, the 25% 
difference in friction factor is 
allowed for by basing the chart 
entry constant on the friction factor 
for copper and then locating the 
price line for steel 25% lower than 
indicated by the pipe cost analysis 
procedure in the appendix. For 
ammonia the friction factor 
is figured directly at 25% higher in 
determining the effect of the fluid 
properties on the chart entry values. 

Thus, any of the three charts 
can be used for any refrigerant 
other than Refrigerants 12 and 22, 
or ammonia and also for any modi- 
fication of the given refrigerant 
cycle provided one allows for the 
proper pipe material friction factor 
and then calculates his own chart 
entry constant based on the three 
refrigerant properties correspond- 
ing to the refrigerant selected at 
the system cycle conditions as de- 
cided upon. 

Each engineer would probably 
develop his own opinion as to 
suitable estimating values to use 
for E, L./L, 1/n, and U;. For in- 
stance, 2c per kw hr is close to the 
national average for electricity but 
this varies frequently from 1/4c to 
5c per kw hr or more in different 
localities. The i t considera- 
tion here would be to estimate the 
average price that the user of the 
system will be paying for electricity 
to operate his system under aver- 
age installed conditions and taking 
into account the price schedule 
established by the local utility for 
such electrical e and demand. 
Along this same line, when con- 
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sidering the price of pie in order 
to locate the pipe cost line (as de- 
scribed in the appendix), it is im- 

t to estimate the actual price 


t the of the system 
is to pay for the piping as installed 


including the effect of possible 
price discounts for quantity orders, 
cost of fittings, and installing labor 
costs. 
The overall efficiency, 4, is 
the isentropic compression and 
motor efficiency combined and 
usually varies from about 65% 
isentropic compression efficiency X 
70% motor efficiency, which equals 
45% overall efficiency for small 
systems of less than one ton ca- 
pacity, through approximately 80% 
X 85% = 68% efficiency for medi- 
um sized systems of 1 to 20 tons 
capacity, up to possibly as high as 
90% X 95% = 85% efficiency for 
large systems of 100 or more tons 
capacity. This results in the recip- 
rocal of efficiency values, 1/no, 
ranging from about 2.25 to 1.2. 
The usage factor, U;, will vary 
from possibly 900 hr/yr (or about 
10%) for air conditioning systems 
in northern U.S. climates throu 
about one-third running time (or 
33%) for average food refrigeration 
systems to possibly 75% or 80% for 
some special purpose, almost con- 
tinuous running industrial air con- 
ditioning or refrigeration systems. 


EFFECT OF PIPE LINE LENGTH 
ON SIZE SELECTION 

The ratio of equivalent length of 

the pipe line system to the actual 

length (L./L) might fall in the 

range of 1.25 for a medium length 

or even a long piping system with 


an a e number of fittings con- 
sisting of say six elbows and one 
shut-off valve. Or hig could be 
as tas2inas iping sys- 
tens with a relativel large number 
of fittings, or closely 
coupled system of large pipe di- 
ameter. Thus, when the adjustment 
is made on the chart for some esti- 
mate of L./L, one is actually allow- 
ing for the increased energy cost 
due to the extra friction of fittings 
and valves. However, no allowance 
has yet been made in the analysis 
ific volume increase 
to the total line pressure drop whi 
results in an added emt of 
cost for the relative increase of 
compressor displacement require- 
ment as pipe lines become longer. 
A possible way to check the 
magnitude of this volume increase 
effect might be to estimate the 
added cost of a greater displace- 
ment in terms of larger 
dimensions to just compensate for 
the volume increase due to pres- 
sure drop. Or another way would 
be to increase the compressor rpm 
sufficiently to handle the volume 
increase with no loss in system 
capacity and then shorten thé com- 
life a ional amount. 
n either case, this would have the 
effect of a greater annual invest- 
ment cost for the compressor com- 
to the cost of the pipe lines 
and could be allowed for by add- 
ing an increment of cost to the 
friction side (or the electrical cost 
term) of the equation. 
For instance, over a wide 
range of tor conditions it 
can be shown (see appendix) that 


100 equivalent fost of pipe 
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will increase the volume of 
vapor flowing in either a suction 
or di line by usually less 
than 10%. whether a larger 
displacement compressor (dimen- 
sionally) be chosen to compensate 
for suction line A P, or if capacity 
be retained by say a 5% increase 
in = and hence a shorter operat- 
ing life, either way results in about 
a 5% increase in compressor in- 
vestment cost. 

An investigation of a few price 
lists for compressors (only) indicates 
that a typical cost might be of the 
order of $50 to $100 per ton ca- 

; then on a 15 year life basis 
would convert to an annual 
investment cost of about $5 to $10 
ton, and 10% of $10 say would 
Be $1 additional compressor invest- 
100 equivalent feet of pipe. Mean- 
while, the electrical operating cost 
at a typical rate of 2c per hr 
and 1 kw hr per ton-hr as estimated 
for air conditioning operating con- 
ditions, and one-third running time 
annually would amount to an esti- 
mated annual operating cost of 2c 
X 3000 hr X 1 = $60 per year 
ton capacity. $1 (or even $1.20 say) 
would, at the most, be equivalent 
to not over 2% (and as low as 0.2%) 
in increased electrical operating 
cost for each 100 equivalent feet 
increase in pipe length. And the 
pipe selection charts clearly indi- 
cate this is a negligible quantity. 
This is, indeed, one of the major 
conclusions of this whole analysis; 
ie., that the occasional ice 


oversizing unusually long piping 
systems by one or two pipe sizes is 
out of proportion for optimum 
economy conditions. 
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It should be pointed out here 
that compressor speed changes a 
uently impossible to 
my increasing popularity of di- 
rect drive motor-com units. 
ee small incremental ad- 
ts compressor displace- 
ment by dimensional changes (as 
low as 5% steps) are almost never 
encountered within the line of 
available from a single 
manufacturer. Hence, even fr 
the methods suggested pot 
adjustment of com 
ment are seldom et it is 
one way to a rela- 
tive worth of one volume in- 
crease due to pressure losses in 


pipelines. 

Reasons other than optimum 
economy often influence the selec- 
tion of pipe size. For instance, 
sizing to assure oil ditions 
especially at part conditions 
needs checked (see chap. 53, 
Reference 2). Also, system ca- 
pacity balance can frequently be 
improved by slightly aoe 
lines to result in some effective 

in compressor city; or 
ling an i line will 
somewhat limit the sm wae of an 
oversize compressor the in- 
cremental size, as mentioned above, 
cannot be obtained to exactly match 
the refrigeration load. Then some- 
times systems are purposely 
result in a more 
favorable contract where. 


competitive bidding is involved. 

For this last situation a definite 
precaution should be observed by 
reference to Fig. 1 which is con- 
structed approximately to scale for 
a hypothetical 


system. Note the 


wort be 


4 in.; the next size smaller smaller (94 en) 
would not greatly inereat cost 
to the buying customer by more 
than 5 5 to 10%; but the next siz 
smaller (3 in.) would greatly in- 


crease the cost to the olan: be 
er ps 50% more in overall o 

rating expense as vn 
with optimum 4 in. size. Over- 
sizing eg on the other hand, is 
not nearly as serious in ultimate 
overall cost to the customer, al- 
though the investment cost as 
shown by the equipment contract 
might appear to be quite un- 
favorable. 

RELATIVE EFFECT OF 
PARAMETERS ON PIPE SIZE 
Finally, consider the effect of the 
remainin parameters on pi size, 
some of do have 
able effect and are seldom allowed 

or in present tables. Inspec- 
on of the ihe cade here will 
indicate that it takes about a 3 
times of any verti- 
parameter to require 
ge of one pipe size. Thus, 
use factor, or electrical cost, or 
efficiency, or equivalent length 
ratio, or installed pipe cost would 
each have to change by a factor 
of 3 individually, or by a collective 
factor of 3 due to any total com- 
bined effect, to cause one pipe size 
change. Similarly it takes about 15 
to 20 F change in evaporator tem- 
perature to call for one pipe size 
change of suction line, but the 
same is not true for Guaheryp 
lines where evaporator tem 
ture variation has a minor 
Changes in condensin 
perature have a minor 


ect. 
tem- 
ect in 


| 


both lines and it is of some interest 
to note that what little effect there 
is results in ite trends for 
suction lines compared to discharge 
lines. Finally, it takes about a 144 
to 2 times change in capacity or 
tonnage to require one pipe size 
change. 
COMPARISON WITH OTHER 
PIPE SIZING METHODS 
A comparison now of the 
ing method presented with 
existin selection tables is of 
interest. Table II shows such a 
comparison based on _ excerpts 
from the pipe sizing tables in 
latest editions of the ASRE Data 
Books (Design Volume 10, 1957-58, 
and Application Volume 1, 1959). 
These tables are from ARI data 
converted to an equivalent A t 
from the original pressure a 
basis. It may ap noted for the mid- 
range of pipe sizes (1 to 3 in.) that 
either method would indicate about 
equal capacity recommendations. 
But in the larger sizes of systems 
optimum cost analysis would 
or larger diame- 
ter piping than is peeved by the 
ARI schedule. 
Comparison in Table II is 


based on the followin eet assumptions 
of reasonably or average 
values: Blecticity a at 2c per kw hr, 


use factor of 30%, L./L ratio of 
1.25, and overall efficiency appro- 
priately graduated with size of 
system from 50 to 85%. 

While different pressure loss 
allowances are often presented 
(references 1, 2, 11, 12, 14, 15, 16, 
18, 20), the exact value to use in 
a given design situation is left up 
to the engineer, and little or no 
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information is 

such tables as See 
of the im t economic parame- 
ters that should enter into the de- 
sign selection. Such per as 
electrical cost, ed pi 

use factor, and system Reins 
one or two pipe size difference, 
which would require a sliding 
scale of drop values to 
allow for these several variable 


factors. 
Fi Pith 6 shows how the 

owance and also At 
ara should vary with pipe 
diameter for um economy 
(assuming the conditions listed 
above). It also shows the pressure 
drop required to maintain a ve- 
locity for adequate oil return - 
vertical upfeed risers (according to 
Holladay’s analysis Ref. 15) and in- 
dicates a considerable safety factor 
in this nr t of oil return for 
all sizes of Refrigerant 12 lines 
and at all temperatures except 
for evaporator temperatures below 
— 40F where there is little or no 
margin of safety. 


PIPE SIZING FOR 
LIQUID LINES 


Pipe sizing for liquid lines is not a 
question of optimum economy at 
all, but rather one of available pres- 
sure drop resulting from subcooling 
the liquid in the condenser or in 
any heat exchange device between 
the condenser and expansion valve 
where subcooling takes place (see 
References 2, 11, 12, 14, 17). The 
basis for design of liquid lines is 
that as long as the total pressure 
drop (due to friction of fluid 


4 
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of liquid in any vertical runs) does 
not exceed the pressure 
uivalent for the degrees of 
sabuceting of the liquid as it leaves 
the condenser and before it gets to 
the expansion valve, then de- 
sign will be satisfactory; i.e., for- 
mation of flash gas before the ex- 
ion valve will be avoided, and 
Discs the capacity of valve will not 
be greatly reduced by eee 
drop. Consequently, the allowable 
pressure loss method is the ac- 
cepted way to size liquid lines. 
And since most condensers will 
subcoal the liquid 5 to 10 F,a At 
allowance of say 2F per 100 
equivalent feet for Refrigerant 12 
iquid line pressure drop should be 
equate and allow some safety 
factor usually. This corresponds to 


3.6 psi A P allowance for Refriger- 


ant 12 as listed in the line 
sizing tables in the recent ASRE 
Data Books. (1F At allowance 
= 3.3 A P recommended for am- 
monia.) (References 1, 2). 
SUMMARY AND CONCLUSIONS 
1. The analysis presented here in- 
cludes the major factors which 
should influence pipe size selection. 
Some engineering skill and judg- 
ment is still needed to estimate 
suitable values for the several 
parameters in each design situa- 
tion. However, the method here is 
quite flexible so the engineer may 
easily change conditions or com- 
alternate assumptions and 
note the relative effect or magni- 
tude of any parameter change in 
question. 
2. The customary pressure 
rules ranging in value from ‘ed 


psi per 100 ft for pipe sizing as 


ap (Psi) AND aT 
4 

» 


ECONOMICAL AP AND EQUIVALENT AT FOR REFRIG.-I2 


Fig. 6 
pre AND EQUIVALENT 
C3 AT FOR REFRIG.-I2 IN. 
COPPER Tume: 1.25, 
| 
~fo- 
“ 
PIPE (INCHES 1D.) 


well as the A t rule of 1 to 2 F per 
100 ft appear to result in economic 
pipe diameters for the mid-range 
ori to 3 in. sizes where typical 
esent-da’ ices are assumed. 
ut for arger diameters the 
optimum cost method here would 
call for about one pipe size larger 
than would the recent ASRE tables 
based on one value of pressure 
drop (of say 2 psi or 2FAt 
equivalent for Refrigerant 12) over 
the entire range of pipe sizes. 
Further, such pressure drop (or 
equivalent A t) rules, which have 
been presented in most reference 
tables easily available to the de- 
signer, have seldom stated the 
conditions which were 
in establishing the 

sure drop values or what adjust- 
ment to make in the ure drop 
in 
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electrical, material, or labor costs; 
nor have such factors as system 
usage (hr operating time per yr) or 
overall compressor-motor efficiency 
been allowed for. 

3. The frequently quoted rule of 
pe size increase for 


len of piping system should 
ameter selection. However, equiva- 
lent length to actual length ratio 
can have a minor effect, but since 
a multiplying factor of 3 feppront- 
mately) is required to call for one 
pipe size change (from the results 

this analysis), it is difficult to 
conceive of a piping system with 
enough fittings in proportion to 
length to warrant a pipe size 


increase. 


EE? 
FORRERI 
3 


unusually long lines would not ap- i 

pear necessary from an optimum ‘a 

economy standpoint. The actual a 

CONSTRUCTION OF FIG _ time, based on an estimated life of 15 oo 

3, 4, 5, AND 7 ze the sad om 

investment, ann vestm a 

Te the 08 cost would be approximate! 1/10 of the 
selection charts, the following method was Griginal 
used for copper tubing. C at 3/10 of curve B for sizes less than a 
1. First, a graph was made of cost per ft 1 in. and 2/10 of B at 6 in. diam. Note ‘e 
of straight tubing versus pipe diameter that the slips of the cerve C on log log 3 
on an actual I.D. . A 1955 price list plot is now 1.25 at less than 1 in. 6 
was used and quantity purchase of 10,000 indi ee 
ft lot size was assumed. This located 2 
curve A in Fig. 7. - 
e in i 
ment was found to be about 211 for 1955 ee 
(Reference 22) and rising at about 17 iy: 
points per year, Thus by 1961 the ENR ae 
index could be estimated at approximately ce 
313. So curve B was located at about : 
amyaes = 1.5 or 50% higher than curve “ 
at from 2 to 5 times the cost of straight oe 
pipe alone. Here a value of 3 times was i 
assumed for sizes up to 1 in., and a value 
of 2 times at 6 in. diam. At the same ‘4 
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read, and make the guide lines easier to inversely as d to the 5.8 power, one half 
Fig. 7 
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/10 of this value or 1% for larger pipe 


ata 1 
1954, pp. 


Bover 


minting 


2. ASRE Applications Data Book, Volume 1, 


1. ASRE Design Data Book, 10 Edition, 1957- 
1969, Chapters 52, 53. 
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FORA] 
OF REFRIGERATION CYCLE 
Fig. 8 
RUCTION OF FIG 1 a 
constructed in the following “ 
rst, curve B was located to is 
le installed cost of ac- 
a given price sched it is ‘ 
same as curve C in 
assumed there could a 3 
e factor electric cost, L./L a 
verall efficiency combination 
; pipe friction cost line would ae 
the arbitrarily chosen point eg 
were then 
bquation to a 
respect to 
y> A and B 
C. There = 
mber of B 
alues and 
flatness of 
ion Over a ao 
on either. 
the rather 
arger pipe 
C for two oe 
sizes smaller than optimum. 
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DISCUSSION 
Ricuarp Ling, St. Louis, Mo.: The evaluation Some will maintain that, as far as the refriger- BA 
did not consider systems where the compressor ation process is concerned, it does not matter : 
runs about 100% of the time. In these in- whether pressure-drop occurs in the expan- a 
PENS it might sion valve or the liquid line. It is realized, 
be necessary to put on the next size motor and however, that if some pressure is lost before g 
go through, which limits the capacity of the 4 
Avurnon Renwick: If actual operating time valve. 
was 100%, the use factor would also be The important point is that flash gas be 
100% and no adjustment would be required avoided by the time the expansion valve is  &§ 
for the use factor in the pipe selection charts. reached. As long as the condenser can create Zz 

The cost of volumetric displacement of larger enough subcooling, for example 9, 7 or 10 F, ; 

' compressors to compensate for pipe friction which in pressure-drop is equivalent to 10 4 
was analyzed in the paper and is considered psi for Refrigerant 12-and as long as the . 
negligible in effect; discussion of this point pressure-drop is not used up through any : 

; was omitted in the oral presentation for lack friction in the fittings, elbows or valves, there 4g 
of time. is no problem with the flash gas. q 

. The solution generally is to take the 

Joun Dunnam, Pittsburgh, Pa.: Was the expected degree of subcooling the condenser q 
liquid line sizing not evaluated because pres- can maintain and convert that to equivalent : 
sure is limited from the flashing? pressure-drop; roughly divide by two for a 

safety factor; and design the liquid line on 4 
is an entirely different problem for for an estimate of the expected pressure-drop 
the last DATA BOOK, liquid line sizing for any anticipated vertical lift distance in the = 
should still be done on pressure-drop basis. liquid line. c 
; 
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Graphical Analysis 
of a Cross-Flow Cooling Tower 


HIDEO UCHIDA 
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Analyses of cross-flow cooling 
towers have been provided previ- 
ously by several authors. Snyder's 
theoretical analysis, assuming a 
linear relationship between water 
temperature and the corresponding 
enthalpy of saturated air, resembles 
that of cross-flow heat exchangers, 
except that enthalpy potential is 
used for cooling towers, whereas 
temperature is used for heat ex- 
changers. It was Snyder's purpose 
to obtain experimental results. Zivi 
and Brand use the same differen- 
tial equation presented in this pa- 
per giving the water temperature 
distribution in the fill of a cross- 
flow cooling tower. This procedure 
is suited for automatic computation 
under the trial and error method. 


GRAPHICAL ANALYSIS 
Fig. 1 is a schematic vertical sec- 


Hideo Uchida is a professor at the University 
of Tokyo, Japan. This paper was prepared for 
presentation at the Semiannual 
ing, Chicago, Ill., February 13-16, 1961. 


tion through the direction of the 
air flow. Water entering the t 
of the tower flows uniformly an 
at the same temperature down 
through the fill. Direction of the 
air flow is defined as positive x-di- 
rection while the positive y-direc- 
tion is the direction of water flow. 
Total length of the air flow and 
water flow are X and Y, respec- 
tively. Air conditions, temperature 
and enthalpy are the same along 
the entire length Y. Through any 
z-direction which is perpendicular 
to both x and y, the water tem- 
perature and the air enthalpy are 
assumed to be the same. Where 
the width of the tower is Z, the 
analysis of cross-flow cooling tower 
can be treated as a part of a two- 
dimensional problem. 

Incremental element of vol- 
ume is shown in Fig. 1. Water tem- 
peratures entering and leaving the 
element of volume are tyxy and 
twx,y+4y, Tespectively. Enthalpies 
of saturated air, the thin air 


3 

- 

. 

“ 


over the surface of water entering 
and leaving the element of volume 
are i'yxy and i’yx,y44,, respectively. 
Air enthalpies entering and ere, 
the element of volume are ix, 
ix 

Heat quantity transferred be- 
tween air and water in the incre- 
mental element of volume, the 
symbol AQ given the following 
relationships. 


L 
AQ = Ax (twxy—twx,y + ay) = 


(1) 


L 
— Ay Aty 
X xy 


G 
a Ay (ix + ay,y — ixy) = 
Y 


Y Ay Aix, (2) 
= KaZ (i’.—i) mean Ax AY = 
= KaZ Ay dy [(i’exy + 
i’wx,y + ay) — (ixy + ix + ax, | (4) 
_ Assuming constant overall heat 
transfer coefficient Ka in the tower, 
the transfer unit U of a cross-flow 


cooling tower can be represented 
thus: 


KaV 


= 


(3) 


| 
1 
G Y 
dy (5) 
Aixym 
Fig. 1 Vertical section through direction of 
air flow 
WATER 
ter} 
00 
xy texy 
AIR AIR 
t, 
tex gray 
 — 
‘wa 
WATER 
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intersection between the twxy+ay- 
line and the i,,-line. Point 8 is the 
intersection between the t,x,-line 
and the ix+ax,,-line, and point 8 
the intersection of the twx, »+ay-line 
and the saturation curve. The di- 
rection of the line y-8 can be rep- 
resented, dividing eq. (1) with eq. 
(2). 
di Aixy L Ax Y 
= ———— 
G X ay 
Dividing length X into m 
equal sections of length 


Fig. 2 represents a part of the 
t-i diagram of humid air. Inter- 
section of the tyx,-line and the ix,- 
line is point « (x,y). Point y, the 


Fig. 2 Part of the t-i diagram of humid air 


J 


U KaV 
—Atwxy 
(6) 
Using integral forms, those rela- ‘ 
tions are 
ai 
1 ax 
ote 
my . X/m, and the length Y into n equal - 
oy dydy (8) sections of length Ay = Y/n, eq. 
¥ (9) is expressed as 
di n 
—=N- (10) 
dt m 
Therefore, when the tempera- i 
8 
i 
d 
tony mean 
tox 


ture drop of water through the 
incremental element of volume is 
known = — twxy] 
Atyx, will be found negative, and 
with the given water-air ration N, 
point 8 can be obtained on the line 
y-8 with a direction. di ~ n 
dt m 

Then the water temperature 
twx, y +4y and the air enthalpy i. +4x,y 
can be found, and the element of 
volume remains. 

Average conditions of air and 
water in incremental element 
of volume are point @ in Fig. 2, 
the middle point of the line y-8. 
Reading the values of the point @, 
it is ble to get the average 
enthalpy of air ixm, the average 
temperature of water twxym, and 
the average enthalpy of saturated 
air over the water i’sxym. Enthalpy 
difference between the air and sat- 


air into six sections 
WATER 


Lt. 


Fig. 3 Division of flow length of water and 


urated air over the water, Aixym, 
the enthalpy potential difference in 


the incremental element of volume. 


t 


direction wf the line a-8 as follows: 


ixy 


(11) 
ya 
Putting By = Aixym, in differential 
triangle ay’ produces the followin 
approximate relation to the eq. (6 


di’ . mN 


dt KaV 


As seen in eq. (12), 7 is an 
approximate definite value in the 
tower. Therefore, if we get point 
8B, which is the intersection be- 
tween the saturation curve of t-i 


twxy — twx,y4ay 


(12) 


ic, 


| 


WATER tos ize 
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AIR 
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xy tex 
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Y xy 


diagram and the line of the direc- 
tion —r drawn from the point a, 
we can get the point y from the 
point 8 and the point 3 from the 
point y. Then, it is possible to have 
the water temperature and the air 
ee entering the next incre- 
mental element of volume. When 
this procedure is continued, alter- 
nately, as shown in Fig. 4, the dis- 
tribution of water temperatures 
and air enthalpies in the tower can 
be 

Substituting those values ob- 
tained through the ure into 
eq. (5) and (6), approximate values 
of U, U/N and Ka, respectively, 
can be found, and using the larger 
number of m and n, the more 
exact solution of U/N and Ka can 
be determined. 


Example of graphical solution — 
Inlet air enthalpy i, = 38.54 (cor- 
responding to inlet wet-bulb 
temperature of air t,’ = 82.04 F), 
inlet water temperature t,, = 98.6 
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Fig. 5 Final results of analysis 


a 24.51 26.95 26.62 20,95 30.95 
(9.02) (678) (5.12) (5.88) (2.95) (2.22 
21,41 23.55 25.58 26.93 26,21 29,30 30.21 


02 o1 


Fig. 4 Part of the graphical 
- analysis of the tower 


4 


F and water-air ratio N = 1.2 are 
the given conditions. The problem 
is to find the values of U/N or Ka 
in order to make the outlet water 
temperature ty, = 87.0F under 
those given conditions. 

Putting m = 6 and n = 6, as- 
suming = 6/1.83 = 3.28. The 


selected value 1.83 will differ 


(3016) 
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21,41 22.92 24.55 66 26.88 27.96 99 

(4.22) (4.07 (3-80) (3047 (3.07 (2.70 

21,81 22.48 23.60 24.70 25.76 26651 27,72 

| (3-00) | (3.19) | | (5-00) | (2.87) | | 

22,17 23.05 25.98 24,91 25.85 26575 

(2.16. (2.50 (2.65 (2-47 (2.9 (2.53 

21:96 22.65 23.40 25.01 25.85 

(1456 (191 (2494) (2428) (2632 (2.94) 


| 


$8 £23 8 


Enthalpy Btu/e of dry air 


t & 


slightly from the real value of U/N. 
Fig. 3 divides the flow length of 
water and air into 6 sections. Fig 
4 shows a part of the graphic ana 
ysis of the tower; line a8 with di/dt 
= —3.28, and the line y8 with di/dt 
= 1.2 can be drawn by the same 
rocedure presented in Fig. 2. The 
final result is represented in Fig. 5. 
From the figure, for example, the 
temperatures and enthalpies for the 
incremental element of volume fig- 
ured by 22-23-33-32 can be de- 
termined. 
ins = 43.79, iso => 46.19, tw22 = 93.5, 
twes = 91.5, ss = 53.32, 
wes = 50.35, Aisom = 6.84, 
= 46.19 43.79 = 2.40, 
Atwr: = 93.5 — 91.5 = 2.0 
From this the mean temperature 
of outlet water t,. = 87.0F and 


the outlet enthalpy of air i, = 51.3 ner 


can be determined, and it is evi- 
dent that the initial value of « = 
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3.28 was good, for it resulted in 
ter: = 87.0F. 

Substituting those values shown 
in Fig. 5 into eq. (6), the U/N 
can be calculated as 1.765. The 
real value of U/N = 1.765 is the 
difference of 3.7% from the value 
as 1.83 given in x. If we select 
any value for V/L, the value of 
Ka, which represents the perform- 
ance of the tower, can be obtained, 
substituting U/N = 1.765 into eq. 
(6). 

Fig. 6 shows the average con- 
ditions of water and air in the 
tower. 


NOMENCLATURE 


Y = Length of air flow perpendic- 
ular to water flow 

X = Length of water flow perpen- 
dicular to air flow 

7. = Width of tower perpendicular 
to X and Y 

V = Total volume of tower 

t= Dry bulb temperature of air, 


F 
+ oe bulb temperature of air, 


iss Ratheley of air, Btu per 
pound of dry air 
tw = Temperature of water, F 
i’» = Enthalpy of saturated air 
temperature of which is tw, 
Btu/lb of dry air 
L= = of water flow, lb/hr 
ntity of air flow, pounds 
of dry air in humid air per hr 
K= Overall heat transfer coeffi- 
cient, Btu/fthAi 
a= Ratio of contacting area be- 
tween air and water, unit area 
unit volume of tower 
N = L/G= Water air ratio 
U = Number of transfer unit 
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Combustion-Driven Pulsations 
in Oil-Fired Residential 
Heating Equipment 


A. A. PUTNAM 


Pulsations in oil-fired equipment 
have long been a source of annoy- 
ance to the heating industry and 
its customers. Through the trial and 
error of ience and lim- 
ited research, a number of tech- 
niques have been devised which 
may suppress the occasional pulsa- 
tions found in service units. How- 
ever, the techniques are not uni- 
formly effective. Thus, a measur- 
able amount of industry effort is 
expended annually, either directly 
or indirectly, for the suppresssion 
of tions. As a result of the 

for a more fundamental 
understanding of the mechanism of 
pals in oil- and gas-fired 

tin it, as we. 

as the need for sup- 


A. A. Putnam and C. F. Speich are with the 
Battelle Memorial Institute. 


C. F. SPEICH 


techniques, three sponsor- 
ae groups® initiated a research 
project at Battelle Memorial Insti- 
tute. This paper, one of a series 
resulting from this program, covers 
the pro mechanism of pulsa- 
tion in oil-fired units. A subsequent 
paper will discuss suppression tech- 
niques for the same class of units. 
The is divided into three 
main sections: (1) a of the 
studies of furnace and burner vari- 
part program to 
which factors were im t to 
the generation of pulsations, (2) a 
discussion of the mechanism of 
pulsation, and re- 
marks re 
garding consequences 
FURNACE AND BURNER 
VARIABLES 
Before discussing the experimental 
tap. 
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| 
of 
4 
| 
1 
is 
a * The sponsoring of this project were ae 
and Air-Conditioning Engineers, Inc., the 
is Heat Institute of America, Inc., and the Ameri- - 
can Gas Association. 
% 
: 


Fig. 1 With this facility Battelle research- 
ers studied oil furnace flame pulsations 


Different burners having solid and 
hollow air patterns were fired in 
the experimental furnace. 
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Observation 
ports Ceram 
: Cooling jacket 
Burner 
ome | 
( 
Ss 
Combustion 
air intet 
ous furnace and burner variables and several commercial furnaces, 
: on the pulsation amplitude, a short was made to determine how each 
| description of the procedure and affected the amplitude of pulsation. 
equipment used for these studies 
is given. 
Research Procedure and Equip- Fig. 1 presents both section 
ment—In the beginning of this re- of tha 
mental furnace built in the early 
: atic studies on furnace and part of the program and used for 
variables, using one experimental most of the subsequent investiga- 


axially symmetric fur- (A) those variables which had an 
nace was desi to have a firing im t effect on the amplitude, 
ca’ of 0.85 to 1.00 gph. The (B) those which had litt 


tion 
The Variables—Table I summarizes which are important to the genera- 
the effect of each of the furnace tion 
and burner variables studied in this su 
and previous research programs. and furnace configuration within 
The Table is divided into two parts: normal limits have little effect on 


TABLE | 


SUMMARY OF THE EFFECTS OF VARIOUS FURNACE AND 
BURNER VARIABLES ON THE AMPLITUDE OF PULSATION 


Variable Effect 
A. Variables having an important effect on the amplitude 
Fuel spray (angle and pattern) = - and low-amplitude levels were found 


ig. 2); air-fuel mixtures at which transitions 
occurred were found to be a function of 
fuel-spray angle 


Air pattern — affected the mixtures at which the transitions 


occu 


Recirculation pattern — certain changes in the recirculation pattern 


Acoustical characteristics. of the — can either increase or decrease 
blast tubes depending on the natural uency of 
furnace-burner system and mode of 
oscillation 
B. Variables having little or no effect on the amplitude 
Continuous ignition — reduced the amplitude slightly in most cases 


Burner fan characteristics — can lend instability to the burner-furnace 
system 


Draft — affects the acoustical changing 
the natural frequency 


— transition points did not occur at a constant 
frequency 


— can affect recirculation patterns, acoustic 
losses, or natural frequencies 


— unknown 
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made it easier to calculate such fac- fect of one variable was evaluated 
tors as the natural acoustic fre- while all others were held constant. | 
quencies of the furnace-burner It is seen from this table that ; 
system. the fuel spray, air, and recircula- 
| 
: 
— 
— 
Atmospheric conditions 


range and a low-amplitude 
range. In each range, the ampli- 
tude gradually diminished as air- 
fuel ratios were increased. How- 
ever, as the mixture was changed 
from rich to Jean, the amplitude 
changed suddenly from to 
high; increase 
in air- amplitude 


It was found there were two 


ranges of pulsation, a high-ampli- 


How low- and high-amplitude ranges of pulsation related to a 


Fig. 2 
solid air pattern and typical amplitude observations for one nozzle 


Total Air-Fuel Ratio 
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the generation of pulsations. The 
table indicates only 
items which were ied in 
| and other programs. Investigations 
| of other variables have been re- 
ported in the literature. However, 
since they have been found to have 
| an insignificant effect on the pul- 
sation amplitude when all +o 
e % factors are held constant, these dropped back to a low level. 
variables have been excluded from mixture at which these rapid 
Fig. 2 summarizes the general to be a ion of the mean 
results reported* for a burner with fuel-spray angle.°* 
. a solid air pattern. In the initial 
studies, the emphasis was * In the analysis of the fuelspray pattern 
tern on the amplitude of pulsation, 
because the was both ‘Rin hollow spray in which all of the fuel was 
easily had been found cncentrated st some effective angle 
to have a significant effect. mathematically. so the angle of mass 
Stieciated ina manner similar to the deter- ‘ 
mination of the center of gravity for a linear 
of masses. 
High omplitude range of pulsation 
3 transition 
; 
increosing 
“tity, corey aw 
Low-amplitude range of pulsation ae 


Fig. 2 represents a composite 
of the data for a number of differ- 
ent nozzle angles and types, and 
therefore covers a wide range of 
air-fuel ratios. With any specific 
nozzle and a reasonable operating 
yo of air-fuel ratios, only part 
of the total pattern would be evi- 
dent. Hence, for one nozzle, only 
the amplitude pattern around the 
rich transition point might be ob- 
served; for only the ampli- 
tude pattern around the lean transi- 
tion point would be evident. This 
indicates the t contradic- 
tion encoun y many service- 
men in attempting to eliminate un- 
desirable pulsations by air adjust- 
ment alone; it is seen that it is pos- 
sible to avoid ions in some 
circumstances an increase in 
air-fuel ratio, and in other circum- 
stances by a decrease in air-fuel 
ratio. 

When the amplitude studies 
were extended to other burners 
having hollow air patterns, it was 
found that the th were similar, 
but not identical to those found 
with burners having solid air pat- 
terns. The observed effect on the 
rich-side transition points was 
found to be essentially the same, 
regardless of air pattern, for com- 
parable changes in the mean fuel- 
spray angle. On the lean-side 
transition point, the transition point 
was found to move to leaner mix- 
tures for increases in mean-fuel- 

angle when the air pattern 
but for hollow pat- 
terns, the reversed trend was found 
to exist. 

The effect of changes in the 
recirculation pattern in the com- 
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bustion chamber was quite difficult 
to define in a manner that would 
lead to definitive results. However, 
two observations are worthy of 
mention. It was revealed that pro- 
jecting the blast-tube exit into the 
combustion chamber increased the 
amplitude of pulsation. The re- 
sults of a ous investigation? 
had shown that placing a on 
the axis of a combustion chamber, 
distance from the 


ation of the available information 
indicated a correlation could be 


a 


nozzle, also increased the ampli- 
tude of pulsation. It is contin’ ; 

that the influence of both of these | 
changes was felt primarily in the . 
zone, and that the 
flow in this zone could affeet the - 
tha the pulsa | 
program that tion am ir 

tude was not the same among the 

various burners studied. Consider- = 
made between these changes in 
amplitude and the measured dif- 
ral frequencies of the entire fur- : 
nace-burner unit and the single : 
natural frequency of the burner é 
considered separately. The differ- ey 
ence in natural frequency, as well 

acoustical | 


the of This 
t follows closely the prin- 
ciple outlined in a previous discus- 


sion of the mechanism of oscilla- 
tion in gas-fired multiple-port 
burner-heating units.’ 

Research during the early part 
of the program brought to light 
the tial problem of room 
acoustics.‘ It was determined that 
under certain conditions, the room 
which encloses the heating unit, or 
any room in the residence, can 


am a uency of the 
fom the heating unit, there- 
by making a y quiet unit 
appear to be objectionally noisy. 
Remedial techniques for this are 
outlined in Reference 4. 


PULSATION MECHANISM 


From the results of the studies of 
furnace and burner variables, it 
has been possible to postulate a 
mechanism by which pulsations in 
oil-fired heating units are gener- 
ated. This can 
best be understood if consideration 
is first given to the physical oc- 
currences within the combustion 
chamber during pulsating and non- 
pulsating conditions. 

A violently pulsating flame in 
an oil furnace to 
the unaided eye as a steady flame 


with some suggestion of a periodic 
flicker. Therefore, to study the 
actual movements of the flame 


movies to “slow down” 


were viewed at 1/50 true 
pore the cyclic events of the 
front became evident. 

For nonpulsating conditions, 
the flame was initiated, even with 
the ignition off, at a constant dis- 
tance downstream of the blast-tube 
exit, and combustion was continu- 
ous. Under ting conditions, 
the high- movies showed that 
combustion was not continuous, 
and, thus, that the position of the 
flame front was not constant.* In- 
stead, the flame to be 
initiated within the blast-tube exit 
or downstream from it and to ex- 

d rapidly as the gases passed 

eam. Later in the cycle, 
luminous gases were seen in some 
furnace configurations to recircu- 
late back to the blast-tube exit 
from regions downstream of the 
usual flame region to ignite the 
next batch of combustible mixture. 
In other cases, there was no visible 
recirculation of luminous gases; 
under these conditions it was sur- 
mised that hot, nonluminous gases 
were the means of periodic igni- 
tion. 

Pressure measurements within 
the combustion chamber during 
pulsation indicated that there is an 
alternating acoustic pressure which 
is synchronized with the flame dis- 
continuities. The amplitude of 
these pressure changes is such that 
it affects the capacity of the blower. 
When the pressure is low, a tad 

ing head is presented to 
Coa ae an increasing flow rate 
of air results. With a constant 
fuel-flow rate, a large flame is pro- 


* Prints from such a movie presented in a 
previous paper’. 
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: movements. Many movies 
) were taken of the flames of differ- 
ent burners, under different condi- 
tions of pulsation and nonpulsa~- —— 
| tion. When the processed films [ES 
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duced by the sudden excess su 
of air into the tem fuel-ri 
atmosphere of the combustion 
chamber. The hot gases from this 
flame build up the pressure within 
the combustion chamber, causing 
the pumping head of the blower 
to increase, and thus producing a 
ing decrease in air- 
rate. The ease in air flow 
“starves” the for air and a 
smaller quantity hot gases is 
wath As a result, the pres- 
the cycle is repeated. It 
pee = alternating pressure that is 
called pulsation. 

Of prim interest to this 
study was the determination of the 
manner in which the furnace and 
burner variables interact to sustain 

tions. As a first step in this 
etermination, a theory on the 


driving of oscillations by combus- 
tion, based on Rayleigh’s criterion,* 


was lied. In summary, Ray- 
leigh ized that a hest- 
driven oscillation could be sus- 
tained, if a pressure oscillation were 
kept in phase with a periodic rate 
of heat release, so that the maxi- 
mum rate of heat release occurred 


ena can be understood better. 


which is composed 
of a combustion chamber coupled 
with the burner on one end and a 
stack on the other. These compo- 
nents form, 


requency measurements 
which were of the noise from 
the experimental furnace durin 
t uency of the ation 
was usually about 32 cps. pene 
measurements: were made for 
“cold” conditions, without combus- 
tion, to determine the natural fre- 
quencies of the various compo- 
nents singularly and in combina- 
tion. These natural frequencies 
were used to calculate the theo- 
retical natural frequencies for the 
nace systems used during this pro- 
gram. Without combustion occur- 
ring, it was determined by calcu- 


Pressure Oscillation — The charac- : 

teristics of the oscillation, a 

which is Rayleigh’s 

criterion, are determined by a aa 

resonance condition in the furnace- ae 

system which has several natural | i 

Although the flame 

wi the combustion chamber oe 

produces noise over a wide range cs. 

of frequencies, the furnace-burner ee 

system amplifies only those fre- 

quencies which are equal to the = 

natural frequencies of the system. =e 

being a complex wave made u ae 

a number of frequencies, all of ie 

which have low amplitudes, as ae 

contrasted to pulsation which is + 

characterized by a single frequency se 

of high amplitude. | : 

when the acoustic pressure was 

above the average pressure. Note ay 

that two phenomena are involved: as 

an acoustic pressure oscillation and a 

rate of heat release. If ae 
ei one of the phenomena could s 

be eliminated, or if the B vse ee 

between them could be 
then the pulsation could be elimi- Be 

nated. Each phenomenon will now Ps 

be considered tely so that i: 
the furnace variables 
which affect each of the phenom- te 


lation that the experimental fur- of the entire combustion chamber. 
nace and g. 3 shows these ignition re- 
shutter An inner ignition zone was 
| ed somewhat downstream to 
ear the burner 
tion zone was 
bncentric with 
closer to the 
putside of the 
ray. 
he high-speed 
echnique was 
: nal, indicative 
uperim on 
nditions of high- he flame photographs fn this 
ntion, the ignition er, the phasing the 
| ble mixture occurs jon and the pressure ampli 
: re- could be determined. 
imbustion ber ion in the inner oc- 
ru msn thar bd at about the time the oscil- 
ated products with- acoustic pressure was at a 
: which are impor- Tmimmum, and in the outer ignition 
; ration of pulsation region, by the proper combination 
: average conditions of conditions, when the pressure 
Fig. 3 Regions of periodic ignition 
Biost tube 4, 
| 
| = 
| 
\ 


could actually be damped out by 
the outer ignition. But fuel is not 
available ordinarily in the outer 
region for such continual expan- 
sion. 


drive a pulsation 

ignition region in the following 
manner. high- 
speed to certain 
the 
expanding outer flame can be 
broken up and ly quenched 
by the reverse flow, and may even 
be into the blast tube. 
Then the burning remnants are 
again projected into the combusti- 
ble mixture as the gases rush back 


a8 


heat available to 
fuel-spray angle pattern. 

It has been shown by Binark 
and Ranz** that the distribution 
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was at a maximum. However, it is out, at above the average rate, to | > 
mixture, but rather, the maximum bustion . These burning  :. 
rate of heat release which supplies te 
tion. There is a time lag from the and the flame expands at a rapid a. 
occurrence of ignition to the at- Thus, the 
tainment of this maximum rate of heat Sy 
heat release. If this time lag is of tion can actually arise from ei ee. 
the order of one-half of the period flame remnants or from hot gases. ss 
of the pulsation, it would appear In order for ignition to occur a= 
from criterion that pul- 
inner ignition on Ww. va air, an ae 
gases was available. The rate of heat rele me: 
Based on the same value of flame in these zones is _ 
time lag, a continual expansion of by the local air-fuel ra A 
the flame from the outer ignition zone. When the local ai = 
put in the wrong phase with the of heat release will be a o.: 
oscillating pressure to drive a pul- If a sufficient deviati ae 
sation. Consequently, in a system from this mixture, heat may be re- Cs 
where both inner and outer igni- leased at a lower rate so that not is 
tion are occurring, pulsations which enough heat will be released in eae 
were driven by ignition and flame phase with the acoustic pressure ey 
expansion from the inner region Oscillation to sustain the 
Changes in the local air-fuel ratio é 

can be brought about by variations i 

in the fuel spray, air, and recircu- a 

lation patterns. Factors which af- - 

fect each of these variables will se 

It is possible, however, to now be discussed briefly. x 
Fuel-S Patterns — There are = 

three which control the 

quantity of fuel available for com- Se 

bustion in the ignition regions and a 

thus control the rate of heat re- = 

lease. These factors are the (1) dis- = 

tribution of fuel droplet sizes, (2) = 


i 


& 


Fig. 4 Nozzle-spray angles affect pulsations at various air-fuel ratios 
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Air Pattern — Different burners 
air ranging be- 
tween a solid and a hollow cone. 
Furthermore, the pattern tends to 
change with air-fow rate, 
cially the hollow air 
shape of the pattern oh don determine 
how much air is made available in 
pct ignition regions to burn the 
Unlike the fuel-spray pattern, 
the air pattern is not constant dur- 
ing pulsation. The periodic varia- 
tion in velocity will produce a cor- 
responding variation in air-flow 
ttern. The flow pattern will 
orm and then tend to collapse 
periodically, producing and shed- 
ding large doughnut-like vortices, 
changing quantity of air 
available in the ignition regions. 
During pulsation, this periodic var- 
iation in air pattern could set up a 
feed-back effect which would help 
to lock in the pulsation. 


Recirculation Patterns — Recircula- 
tion, which is set up by the mo- 
mentum of the air and fuel streams, 
is a natural phenomenon within the 
combustion chamber. Hot combus- 
tion products are returned to the 
flame region by the large recircu- 
lation loops. As ma the air pat- 
tern, the presence of pulsations can 
affect ihe Genii quantity hot products 
which enter the ignition region to 
ignite the mixture. 


Regions of Pulsation—The effects 
of the fuel spray, air, and recircu- 
lation patterns are interrelated so 
that in an actual burner system it 
is probably impossible to com- 
a6 
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variable on the of pulsa- 

tion. However, during the course 

lu am, it was 

to deine overall cond 

the burners used even though 

to affect each other. 


aah Ua 4 is a map of pulsating 
nonpulsatin ons in terms 
tm a determined with the expert 
mental furnace and burners de- 
scribed earlier. For each air pat- 
tern, it was found that pulsations 
occurred for certain ranges of air- 
fuel ratio and mean fuel-spray 
angle. In the case of the solid air 
pattern, a sufficient decrease in to- 
tal air-fuel ratio and an increase in 
the mean fuel-spray angle caused 
because ex local air-fuel ratio in 
ions became low. 
locus of points, 
The Spe pulsations 
cause of over-richness, indicates 
that when the mean fuel-spray 
angle increased, more fuel was 
caused to pass through the ignition 


regions. For the same air pattern, 
it is seen that increasing total 
air-fuel ratio or the 
mean | angle, or , will 


ons to cease because 
the Ie local air-fuel ratio in the igni- 
tion regions becomes too hi 
It is noted that for the hollow 
air pattern, the general trends are 
the same as for the solid air pat- 
tern but the shape of the tion 
region is different. For the lean 
amplitude transitions, it is believed 


are 
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that the mean fuel-spray 


swings through the ignition bw 


as the fuel spray is changed suffi- 
ciently. 


might be asked 

the of the re- 
solid and 
llow air patterns. One possible 
explanation is that the ignition re- 
gions shift somewhat with mixture 
ratio and air pattern. It seems rea- 


location of critical region is the 
variations in air ity across the 


increasing radial distance. Changes 
in total air-flow rate cause equiva- 


a other hand, has 
a air velocity at some an 
with the burner Thus, 
* increasing radial distances from the 
axis, the air velocity is first found 
to increase and then to decrease in 
magnitude. It is reasonable to ex- 
pect, therefore, that this complica- 
tion in velocity profile could result 
in the more complex lean tion 
limit shown in Fig. 4 for the hollow 
pattern. 

The data as presented in Fig. 4 
apply only in a qualitative pt 
to other burner units. To obtain 
quantitative data strictly 
able to other units, it wo be 
necessary to study the specific 
combinations in question. 


accomplished to the a that the 
varia important to enera- 
tion of pulsations have 40 de- 
lineated; these are the furnace vol- 
ume, the fuel- ttern, the air 
circulated hot-combustion _prod- 
ucts. The complex nature of the 
ical handling of the fuel, air, 

and combustion products has, how- 
ever, prevented a full determina- 
tion of the effect of these variables 


pulsation has been shown to in- 
volve two independent phenomena: 
an acoustic pressure oscillation and 
a periodic rate of heat release. The 
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gle CONCLUSION 

ions Pulsations present in oil-fired heat- 
ing units result 
phenomena, even en- 
. for driving the pulsations is 
combustion proc- 
acoustical system 
s the freque 
xtent, the ampli. 
tions. Changes in 
and burner variables which 
sonable that these regions would Ba stim process also. 
| not have the same location at low acoustical system. The 
: air-flow rates at rich amplitude manner in which the system is af- 
transitions as at high air-flow rates fected, however, is not as evident 
ee She as with the combustion process. It 
factor involved in such a shift of is this unknown effect of furnace 
cal system which causes the seem- 
air pattern. In the case of the solid ingly inconsistent effectiveness of 
| air cone, the velocity is highest on su ion techniques with differ- 
: the burner axis and decreases with cat hedting units. Thus, in this pro- 
plain the mechanism of pulsation 
lent changes in the air velocities in terms of the important furnace 
throughout the pattern. The hollow and burner variables affecting the 

: on the acoustical system. 
| The detailed mechanism of 


pressure oscillation has been shown 
to result from the acoustical be- 
havior of the furnace. The periodic 
heat release is controlled by the 
periodic ignition of the combustible 
mixture in the furnace. This peri- 
odic ignition pie to depend on 
the local air-fuel ratio of the com- 
bustible mixture in the ignition 
a. downstream of the blast- 
tube exit. It is not fully known why 
these regions have dominance over 
gre in any other region within 

combustion chamber or how 
burner configuration affects the lo- 
cation of these regions. 

Any suppression technique 
should affect either the acoustic- 
pressure oscillation or the periodic 
rate of heat release. — hang such 
techniques as ven’ the combus- 
tion chamber would be e to 
affect the pressure oscillation 
relievin acoustic pressure 
within the furnace. Also, it should 
be ible to suppress pulsations 
by affecting the ceiledls rate of 
heat release. The problem is, that 
not enough is known about the 
location of the ignition regions 
a recisely what conditions are 

ed in these regions to prevent 

pulsations. Thus, it is not now 
ore to devise definitive tech- 
niques involving the fuel-spray 
pattern, air pattern, or recircula- 
tion pattern which will suppress 
pulsations in all circumstances. 
This program has shown that 
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additional information on the in- 
terrelationship of the fuel spray, 
air, and recirculation patterns is re- 
quired before fully comprehensive 
techniques 
can be d Because of the mul- 
tiplicity of furnace and burner de- 
signs in the industry, the evaluation 
ues described should be di- 
rected to the specific cases of inter- 
est to individual manufacturers. 
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is “In order for ignition to 
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Ohio ( ignition zone in addition 
for ignition 
outer ignition was made that the local 
vaporized fuel the air-fuel ratio in the 
be present,” a to be close to stoichio- 
rdance with e of heat release to be 
paper. It w rence here is to that part 
remnants is vaporized or easily 
2 nner zone. vaporized, following the thought of the 
tion from preceding sentences. Only that part will burn 
ler walls ar of a pulsating cycle 
pom the ea he larger 
other as y be burn 
ing ignition to drivir 
m, “When the 
to stoichior hydroca 
il be a m it on the 
proof to just ixture. 
; i It mi at about 
is grea le of hea 
ximum 
jon of vari here the 
; t to critica r stoichic 
hg the p 
ilable fo 
to s 
s which 
r factors 
ust ope 
it would 
i ninor fact 
important effe expected 
comprehensive major f 
: classification may be mislead a majo: 
from the standpoint of which since no 
j which is effect. ect a 
There may be other yet culation path, and m 
causes for some of the report critical part of the p 
: Such positive reasons or e ricks in the heati 
4 presented might mislead concerned. For 
vestigations. That is not lik hace shape, and if 
; because future investigators r place, affect the 
: = some of these problems hus, this change 
individuals accustomed to f but a small e: 
conclusions from the work puls 
summary or conclusion it sho 
any other ‘urnace 
? frequency, the damp- 
tic radiation. But there 
ny of these for normal 
re important considera- 
| practice, a change in 
out affecting the air- 
; lave a large effect on 
Fig. 4. 
brrington, Conn.: What 
iF he pressure fluctuation 
i burner on which you 
the inception of pul- 
conclusions resulted from noting that in all sation and the maximum pressure fluctuations 
our observations of high-speed photographs of observed? Secondly, were you able to 
; pulsating flames in residential-size oil-fired produce pulsations with no fan in the system 
heating units, the pulsations appeared similar but with constant air supply from a critical 
to those shown in Fig. 2 of Reference 1; the pressure ratio orifice? 
only differences were that they ba et be of a 
larger or smaller amplitude, might or Avutnon Putnam: The peak amplitudes we 


& 


Ge 
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measured within the combustion chamber that for his specific system the replacement of be 

were as much as 140 db, which is equivalent a fan by an air supply from a critical flow as 

to about 1.1 in. of HzO peak p orifice eliminated pulsations. This observation < 

to has been generalized without justification. Our FG 

ions can be produced show that the concomitant a 

, and air supplied at 

rged from a critica gr for nh 

to the fan housing, t <9 to 

e air-flow rate. The 

A al silence pulsat Z 

rating. — he change 

as obtained for that a 

he fan and stuffing th 

wool to even out the is a a 

of the loudest puls fan may be c 2 

ge of pulsati es 

point out tha replacing the a 

early investigators, about 20 ye: stop them. ol 
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Suppression of Pulsations 
in Oil-Fired Residential 
Heating Equipment 


C. F. SPEICH 


Elimination or on of pul- 
sations in oil-fired residential heat- 
ing se See pment has been a goal of 
-heating industry for many 
. Trial-and-error 

ve resulted in many “cures” for 
pulsations which have been effec- 
tive in instances. However, 
some cases of pulsation are found 
not curable by these ae. 

Also, the mere availability of 
“quick-fix” technique does not 
iminate the cost of the service 
calls to alleviate tion prob- 
lems. The real need has been for 
a more fundamental understanding 
of the causes of pulsations, so that 
antipulsating characteristics can be 
incorporated directly into the 
burner when it is manufactured. 
To obtain this more fundamental 


C. F. Speich and A. A. Putnam are with the 
Battelle Memorial Institute. 


was prepared for presentation at 


This 
Chicago, 


the 
Ill., February 13-16, 1961. 


Meeting, 


A. A. PUTNAM 


understanding, a research 


program 
‘was initiated at Battelle Memorial 


Institute in May, 1954, by the 
American Society of Heating and 
Air-Conditioning Engineers, Inc., 
the Oil-Heat Institute of America, 
Inc., and the American Gas Asso- 


ous paper in this series 
ha posed mechanism 


gear a in oil- 
equipment.* The 

mechanism has been shown to be 
complex, involving the proper 
phasing of an acoustic pressure 
oscillation and a periodic rate of 
heat release. Pressure oscillation 
arises from an acoustical resonance 
condition in the furnace-burner 
system, whereas the periodic rate 
of heat release arises from a peri- 
odic ignition of the combustible 
mixture. This ignition appears to 
be contingent on the local air-fuel 
ratio and presence of recirculated 
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hot combustion products in a criti- 
cal —_— region downstream of 
the blast-tube exit. The periodic 
heat release supplies energy to 
drive the pulsation while the acous- 
tic pressure oscillation periodically 
sets up conditions for pulsed heat 
on 

ions in oil-fired heating equip- 
ment is the last of a series covering 
the results of the research program. 
It discusses suppression techniques 
which were investigated in this 
sea or have been described in 
the literature. 


DISCUSSION OF SUPPRESSION 
TECHNIQUES 
Table I summarizes a number of 
different suppression techniques. 
Items have been grouped as affect- 
ing either the acoustic-pressure os- 
cillation or the rate of heat release. 
Generally speaking, the frequen 
and amplitude of the pressure mow 4 
lation are dependent upon the de- 
sign of the combustion ber and 
flue passages, whereas the periodic 
heat-release rate is dependent upon 
the design and performance of the 
burner. Although phasing between 
the acoustic-pressure illations 
and the rate of heat release will 
also be affected by these various 
techniques, it probably is not pos- 
sible to thls Sather a 
degree necessary to suppress pul- 
sations. 
ACOUSTIC PRESSURE 
OSCILLATIONS 


tude of the acoustic oscil- 
lations. As of oscillation 
is equal to one of natural fre- 


low frequencies by 
of the furnace. Suffi- 
ciently large frequency changes, 
however, are not normally practi- 
termined by such factors as heat 
transfer and volumetric heat-re- 
lease rates, and, therefore, is not 


easily compromised for frequency 
hanges 


ges. 

Amplitude of oscillations can 
be decreased by increasing damp- 
ing losses of the furnace-burner 
system. Through damping, energy 
is removed from the oscillating sys- 
tem by acoustic radiation, frictional 
losses, or flow resistance. Acousti- 
cal radiation can occur when noise 
leaves the system through an open- 
ing in the furnace. To a listener 
outside the heating unit, the open- 
ing may ap to be a noise 
source. On other hand, if this 
loss in acoustic energy prevents 
pulsation, a net gain in reducing 
the total noise output of the fur- 
nace-burner unit is achieved. 

Frictional losses occur in small 
openings where viscosity effects of 
fluid predominate. Sanders and 
Lawrie? have presented an - 
tion for determining the nagultete 
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quencies e ace - burner fi 

unit, it can be increased by de- i 

creasing the furnace size. If the 2 

A were raised to a suffi- 

ciently high value, the fuel oil a 

probably could not burn at a rapid 5 

enough rate to release heat at the eS 

proper time to sustain the pulsa- : 

tion. Also, high frequencies can be : 

damped out more rapiqly than can > 

Generally, pulsations can be 4 
by either increasing ia 

or decreasing the ampli- re 
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TABLE 1—SUMMARY OF PULSATION SUPPRESSION TECHNIQUES 


method generally impractical. 
Changes Affecting the Periodic Heat Release 


Fuel Pattern This common technique can suppress pulsations if 


Not enough is known about this technique to make 
uantitative predictions of its effectiveness. Present 


No quantitative information is available by which 
good mixing can be predicted with minimum noise 


Pulsation suppression, which is usually accredited to 


Recirculation Some recirculation-type burners have been reported 
to operate qui after recirculation has been 
established. effect of the recirculation 
and combustion noise amplitudes has 
established, however. 


Hame Stabilization the 
velocity gradients vas 


partitioning in the room may be necessary. 


of this loss. They also give an equa- isolation among the various com- 
tion for predicting the magnitude ponents of the furnace-burner sys- 
of an acoustic resistance due to tem. 

fluid flow in the burner tube or flue Practical application of these 
ae og This last resistance can damping techniques to oil-b 


some degree of acoustic heating equipment has consisted 


Changes Affecting the Acoustic Pressure Oscillations 
Techniques ; Remarks 
Vv of the Combustion Chamber acoustic pressure in the combustion 
made without incurring pulsations. 
: Acoustic Filers Because pulsation wencies are low (15 to 40, 
eps), large Ss ces are usually required to 
suppress pulsations. These large sizes make this 
High Ap Across Choke ure . 
; required to isolate the burner acoustically from the 
furnace by this technique. 
generation. 
Miscellaneous 
; Room Acoustics If the _ room becomes active in amplifica- 


intentional venting of the combus- 
tion chamber, use of acoustic 
filters in flue-gas-handling parts of 
the furnace. 


Venting the combustion chamber— 
To an article in the 
trade literature,* to sto tion 
— drill one hole in the front of the 
furnace. If that doesn’t work—drill 
two holes! Based on this example 
alone, one might place little con- 
fidence in the ique of sup- 
pressing pulsations by venting. On 
used successfully by industry 
as a means of preventing pulsation. 

Glendenning * has reported the 
pulsation suppression effect of a 
venting device consisting of a series 
of ports concentric with the blast 
tube; a shutter allowed the vent 
area to be varied. Glendenning sug- 
gested that admission of secondary 
air through these ports prevented 
the formation of low-pressure sur- 
rounding the flame region. How- 
ever, in view of additional infor- 
mation now available, it seems 
more likely that acoustic effects 
were responsible for the success 
of the device. 

Recent work by Weeks and 
others has shown that an opti- 
mum venting area exists for a given 
furnace-burner unit to achieve sup- 
pression of pulsations with a mini- 
mum loss in efficiency or produc- 
tion of smoke. Using their techni- 
que, venting is achieved by placing 
a series fixed-area in a 
ring concentric with the blast tube 
of the burner. The axes of ‘the ports 
are parallel to the burner axis.,In a 
succeeding paper,® Sage and 
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Schroeder have indicated that ben- 
eficial effects of venting are derived 
from an acoustical effect rather 
than the net influx of secondary air. 
Their conclusion was based on an 

in which the percent- 
age of excess air at which pulsation 
commenced (comparable to the 
“lean transition point” defined in a 
previous paper of this series‘) of 
venting and nonventing. A special 
vent plate which had several holes 
manifolded to an auxiliary air sup- 
ply was installed. Equal amounts 
of secondary air were fed into the 
combustion chamber during both 
venting and nonventing conditions. 
The percentage of excess air at 
which tions were eliminated 
was lower for vented than for non- 
vented combustion chambers. On 
the other hand, supplying addi- 
tional quantities of air 
through these ports produced an 
increase in the percentage of excess 
air at which pulsations ceased. 
Thus, the ce of secon air 
negated the beneficial ee of 
venting. 

During the experimental phase 
of the Battelle rogram, hy ob- 
servation was shi of the effect of 
unintentional combustion chamber 
venting by cracks and leaks in the 
chamber wall or the joint between 
the burner and furnace. It was 
found that sealing these cracks 
caused a large increase in the pul- 
sation amplitude from one burner, 
characterized by a solid air pattern, 
but the same care in sealing had 
little effect on noise from another 
burner, characterized by a hollow 
air pattern. In an attempt to ex- 
plain this large effect of leaks on 


the, 


202 

amplitude from the 
ondary air influ chi in the 
system's natural frequency, or in- 
creases in the damping losses in the 
furnace-burner system were con- 
sidered. Insufficient data were 
available to ascertain which of 
these was the real cause of the 
observed amplitude change. 

In summary, it can be said 
that the effect of venting the com- 
bustion chamber is to retard build- 

of an acoustic oscillation, and 
us, to allow the burner to operate 


at lower centages: of excess air 
than would be le with the 
unvented The extent of re- 


duction in percentage of excess air 


which is possible without pulsation, 
objectionable smoke, or far 


Acoustic filters—Use of acoustic 
filters has been suggested as one 
means of achieving an ent 
suppression of pulsations and com- 

bustion noise. This technique per- 
mits generation of noise, but de- 
pends on acoustical devices to at- 
tenuate the noise before it leaves 


the hea 
Baring 


illustrates three techniques 
which the flue system can sad 
fied to reduce the amplification of 
combustion noise and pulsations. 
These techniques can be inter- 
to increase 
heating system, (2) effec- 
tive and 
frequency of the chimney, and (3) 


use of a acoustic filter 
assembly pipe. The 
last item attenuates low frequencies 
of combustion noise, but it allows 
high frequencies to pass unaffected. 

Putnam and Dennis have de- 
scribed the use of acoustic dampers 
for oscillation suppression in com- 


bustion systems*. In particular, 
they discuss the lication of 
quarter-wave tubes, Helmholtz res- 


onators, and venting orifices as 
means of ressing oscillations. 
Quarter-wave tubes, Helmholtz 
resonators and large diameter ori- 
fices which vented the combustion 
chamber to the atmosphere were 
found to be effective over a wide 
range of locations in the chamber. 
Small diameter orifices were found 
to be most effective at or near re- 
gions of maximum acoustic pres- 
sure. 

Major drawback to use of 
acoustic filters is that they must be 
physically large to attenuate prop- 
erly low frequency pulsation gener- 
ated by oil- equipment. If size 
were no problem, however, they 
would be quite effective for at- 
tenuating single frequency noises, 
such as pulsation. 


PERIODIC HEAT RELEASE 
As has been suggested already, 
iodic variation in the rate of 
t release results from a sy 
ignition of the combustible 
ture. This ignition, in turn, 4 -. 
lieved to depend upon the quanti- 


ties of vaporized fuel, air, and re- 
circulated hot combustion products 
available in a proposed critical is 
nition region downstream of the 
blast tube exit. 


; on the burner-furnace unit. 


To prevent tions, what is 
probably required is that the local 
air-fuel ratio and quantity of recir- 
culated products in the critical igni- 
tion region be such that insufficient 
heat is released in phase with the 
oscillating to sustain the 
pulsation. Thus, to affect the - 
tion amplitude by changi 
riodicity of of ng 
control must be exercised over the 
fuel, air, and recirculation patterns. 
Unfortunately, in an oil burner, 
control exercised over these param- 
eters appears to decrease in this 
same order. That is, fuel-spray 
angle, pattern, and quantity of fuel 
are regulated quite closely. This 


control arises primarily from hi 


across the n 


which im a high momentum to 
the fuel droplets; thus, the fuel 


flow is isolated from pressure fluc- 
tuations in the combustion cham- 
ber. The pressure drop across the 
burner choke is relatively small; 
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thus, the air-flow rate and pattern 
are partially controlled and there is 
only a ‘i isolation of the air 
supply pressure fluctuations 
in combustion chamber. In con- 
ventional farnace-burner systems, 
there is little or no control over the 
recirculated hot combustion prod- 
ucts since they are located in the 
combustion chamber and are, 
therefore, at the mercy of the pres- 
sure fluctuations. 


Fuel-spray pattern — For man 
years, servicemen have used, = 
degrees of success, 

vl of changing the fuel- 
nozzle angle or spray pattern as a 
means pulsations. 
Experience has shown, for instance, 
that hollow-cone ys usually 
give more freedom he pulsation 

do solid cone sprays.’ One 
this technique has 
been 


t, with any cular 
burner unit, a sufficient ue in 


Fig. 1 Low- and 
high-amplitude 
ranges of pulsa- 
tion as related to 


Average Puisation Amplitude 
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nt 

h 
ressure drop 
: 

Gy High amplitude range of pulsation Z 

a solid air pat- transition 

Increasing 

Low-amplitude range of pulsation a 

Tota! Air-Fuel Ratio 


Fig. 1 is a sketch showing the 
results of these fuel-spray studies. 


Generally, noise amplitude from 


high amplitude to a low one was 
noted with an increase in air/fuel 
ratio. Studies of a large number 
of different angles and patterns 
showed that the points where these 
amplitude transitions occurred cor- 
related quite well with the mean 
spray angle® of the nozzle. 

Fig. 2 illustrates this correla- 
tion for both a solid and a hollow 
air cone. The fi shows regions 
of tions and indicates, qualita- 
tively, what spray angles and total 
air/fuel ratios produce nonpulsa- 
tion conditions. It can be noted 


z 


from Fig. 2b that burners 
rating nozzles with 


mean 


fuel-spray angles are generally free 


from pulsations at normally used 
air/fuel ratios. As in de- 
tail in a previous ,: this free- 
dom from tthe hee been at- 
tributed to the increase in air/fuel 
ratio. 

It should be noted that, for 
purposes of establishing limits for 
research analysis, the range of con- 
ditions examined in the 
of Fig. 2 was broader than the 
practical ating range of con- 
ventional ‘an additional 
sophistication, another curve could 
be placed on the figure represent- 
ing the limit for objectionable 
smoke, thus following the example 
of Weeks, et al.° Manufacturers 
who analyze their units in this gen- 
eral manner could interpret the 
results for the field serviceman 
and thus recommend nozzle types 
which would operate successfully 
in the desired ranges. 


Air pattern—This modification rep- 
resents a generally less used means 
of suppressing pulsations. This 
stems from the fact that air pat- 
terns are quite often fixed for a 
particular burner and thus changes 
in pattern would represent modifi- 
cations in blast tube parts. How- 
ever, there are combustion heads 
for which air patterns can be varied 
from re hollow to solid air 
cones. The literature suggests that 
a solid air cone has a greater re- 
sistance to pulsation than does a 
hollow air cone.'* This increase in 
resistance can also be seen in Fig. 
2 for small mean spray angles. 
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‘ angle or shift in fuel pattern to incorpo- 
stop pulsations often in 

smoke, odor, or poor efficiency. 

j As part of the experimental 

phase of this research program" *°, 

a systematic study was made of 

: the effect of nozzle spray angle 

; and pattern on the amplitude of 

| pulsation. 

the heating unit was found to 

: crease with increasing air/fuel 

‘ ratio. However, with some spray 
types and angles, sudden increases 

E from low-amplitude noise to high- 

| amplitude were found to accom- 
pany an increase in air-fuel ratio. 

' or still other spray types and 

: angles, a sudden transition from a 

*In the analysis of the fuel-spray pattern, it - 
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Presence of a positive flow of air. 
in the center of the air cone may 
have the effect of increasing the 
acoustical resistance of the blast 
tube. 

Little definitive information is 
available in the literature on air 
patterns produced by oil burners. 
Manufacturers are often aware of 
the general air erm produced 
by their burners but seldom deter- 
mine, quantitatively, air pattern, 
either when exhausing in the open, 
or when the burner is inserted into 
a furnace. As an additional com- 
plication, periodic pressure changes 
within the combustion chamber 


295 


patterns; periodic 
can feed back into be 
oscillating systems and help “] 
in” the tion.’ The there- 
fore, exists for additional knowl- 
edge of air patterns under pulsat- 
ing as well as under normal flow 
conditions in a furnace, possibly as 
determined by the use of flow 
tracers and high-speed movies in 
a modified furnace. This informa- 
tion would also be of great value 


in optimizing fuel and air mixing. 
High drop across choke— 


As a means of increasing acoustic 


Fig. 2 Nozzle-spray angles affect pulsations at various air-fuel ratios 


Mean Fue! Spray Angle 


| 
A — Solid air pattern 
: 
4 
§ 3 os lean for 
! 
% 10 20 30 40 
Toto! Air-Fue! Ratio, Ib/ib 
B — Hollow air pattern i 
rich for < lean for Pe 
: pulsation pulsation 
Toto! Air-Fue! Ratio, 'b/ib 


pressure, this sound-pressure level 
ts a swing in peak pressure 
of about 1.1 in. of H,O above and 


oscillating pressure explains 
why back flow into the blast tube 


speed movies in this 
i pressure across 
the choke, the effect of oscillating 
combustion chamber pressure on 
the air-flow rate from the blast tube 
would be decreased. Because geo- 
metric changes might have an un- 
effect on the tion 
amplitude,” it is for this 
discussion that means of obtaining 
the high-pressure does not 
alter the geometry of the air pat- 
tern. 
T and Lawrie* 


have accredited turbulence as the 
major source of low-frequency 


noise in oil-fired burners. It causes 
the random fluctuations in burn- 
ing rate of the flame which can 
uce random combustion noise. 
iodic vortex-type turbu- 
lences can le gage which can 
“lock in” 


the resonant fre- 


sys- 
tem and produce a periodic air flow 
and, therefore, pulsations. Sanders 
and Lawrie suggest the generation 
of small-scale, instead of large-scale, 
turbulence by the burner. This 
small-scale turbulence would per- 
mit adequate mixing of fuel and 
air but would die out rapidly 
enough so as to provide smoother 
combustion. Unfortunately, at pre- 
sent it is not known what scale of 
turbulence is needed to produce 
this adequate mixing with a mini- 
mum in the production of fluctua- 
tions in the burning rate of the 
flame. Means of producing small- 
scale turbulences are outli in 


the appendix of their paper.” 


Fan Characteristics—In the 
burner - fan characteristics 
been blamed for many pulsation 
and noise problems of burners. 
Forward-pitched fans have been 
shown to be the source of un- 
wanted, noise - producing turbu- 
lence.? There is also an indication 
that many fans operate near or in 
an unstable region of their per- 
formance curves. The combined 
presence of turbulence, which can 
uce random fluctuations in the 
t-release rate of the flame, and 
an air supply, which borders on 
instability, suggests a system which 
would be sensitive to pulsations. 
Several studies ve been 
made, in which the burner fan was 
removed and combustion air was 
supplied to the burner from an 
external air supply. For instance, 
Baker investigated this system as 
a final of his study of oil- 
furnace pulsations.** He supplied 


: 296 ASHRAE Transactions 
resistance in the blast tube, Sanders 
and Lawrie* have suggested the 
use of a —_ pressure drop across 
the choke. Measurements made as 
a part of this research am in- 
the choke of a burner under non- 
—s conditions were of the 
= order 0.4 in. of H,O. On the 
other hand, sound-pressure levels 
- of the order of 140 db have been 
measured within the combustion 
. chamber during pulsating condi- 
tions. In terms of an instantaneous 
: below the ambient pressure | _ 


compressed air into the 
blast tube with the fan 
sealed off from the blast tube. Com- 
i were made of the pulsa- 
tion amplitudes under this condi- 
tion of air supply with normal oper- 
ating conditions at the same per- 
centages of CO,. In all cases, the 
amplitude of tion was found 
to decrease su tially. Using a 
technique similar to Baker's, Put- 
nam and Dennis’? conducted sev- 
eral tests on a series of standard 
blast-tube boiler combinations. In 
most instances, replacement of fan 
air by compressed air reduced the 
— of pulsation to about 
. Similar studies were also 
made in the present program. In 
one case, com air was sup- 
plied to the burner for combustion, 
and the noise output of the 
was determnied first with the fan 
in place and running, and then with 
the fan replaced by a pad of 
wool to produce a uniform 
Replacement of the fan by the glass 
wool pad resulted in one of the 
est increases in pulsation Li- 
with only one change, 
was noted in program. 
From an analysis of all avail- 
= we it was concluded that 
e in pulsation amplitude 
does not from the 
of the air supply 
air, but from 
configuration at of 
the blast tube. 


Recirculation—Little is known of 
the effect of recirculation on the 
amplitude of pulsation and random 
noise in oil-fired units. One design 
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of controlled recirculation - type 
burner has been reported to oper- 
ate exceptionally quietly after re- 
circulation has been established.’ 
This burner has a configuration 
aimed at au ting the prevapor- 
ization of the fuel. Another feature 
of the burner is that the residence 
time of the fuel in the reaction zone 
of the combustion chamber is 
longer, and the heat can be re- 
leased more slowly than in a con- 
ventional unit. The capability for 
burning to occur anywhere within 
a po region of the combustion 
chamber, plus pana timing of 
the burning, would appear to pre- 
clude any of a coupling be- 
an acoustic pressure ation 
within the combustion chamber. 
On the other hand, in at least 


one instance™, ion amplitude 
i creased when 


the length “Of the recirculated 

ucts was controlled closely and 
adjusted to an um length. It 
is probable that the products of 
combustion were led in a pulsed 
manner back into the combustible 
mixture at the same time during 
each cycle of the acoustic pressure 
oscillation. 

From the small amount of in- 
formation available, it is quite evi- 
dent that some information Cong | 
to temperature, composition, 
velocities of recirculated ucts 
= be needed, before tech- 

ue could be used “aaainetin 

uce the pulsation and combus- 
tion noise Avene Other bene- 
fits, such as increased combustion 
efficiency, might also be derived 
from such information. 


: 
id 


front is to use a flameholder. 
The mechanism of flame sta- 


bilization is not fully agreed u 

However, flameholders are 
to perform at least two functions. 
First, they change the local stream 
velocity in such a way as to bet- 
ter match this velocity with the 


burning velocity of the fuel-air 
mixture. Secondly, a flameholder 
induces recirculation in a fixed 
region in which hot gases are re- 
tained and supplied into a critical 

ion of the oncoming stream. 
Thus, with a flameholder, proper 
conditions for ignition com- 
bustion of the fuel-air mixture are 
provided artifically in a fixed posi- 
type burner without a flameholder 
in which the air, fuel, and recircu- 
lated products must find an aero- 
dynamically formed region where 
ignition and combustion can be 
sustained. This region will tend to 
float with changes in air or fuel 
flow patterns. 

Because it is situated in the 
fuel-air stream, a flameholder is 
subject to deposit problems. These 
occur, with con- 
tinuously operating burners, but 

have been a serious blem 
with intermittently fired 
such as are in residential use. 


Banscher** has patented a burner- 
flameholder combination for which 
he states that deposits will not oc- 
cur because the combustion air 
sweeps over the flameholder 
properly. 

Another method of flamehold- 
ing uses reversed jets.’ Although 
not likely to be practical for resi- 
dential oil burners, the concept of 
reverse jets does show how proper 
use of air or air-fuel jets can pro- 
vide flame stability and avoid the 
deposit problem inherent with 
some solid flameholders. 


ROOM ACOUSTICS 
As has been suggested by Speich, 
et al.** and by Sanders and Law- 
rie,? the room in which a heating 
unit is located can sometimes 
am the incipient ation 
level. This condition will exist 
when a dimension of the room is 
equal to one-half (or mulitple 
thereof) the wavelen of the 
principal frequency of pulsation, 
and when the heating unit is in 
proper location within the room. 
The only practical solutions to the 
problem of room acoustics appear 
to be to change the location of 
the heating unit, to use auxiliary 
walls or es to change the 
natural room frequency, or to re- 
place the furnace by one with a 
different frequency. loca- 
cation for auxiliary walls or the 
heating unit has been suggested.** 
Acoustic treating material, such as 
fibrous materials, are not effective 
noise for the low fre- 


quencies involved in residential 
oil-fired heating units. 
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Flame Stabilization—It has been 

: observed that the flame front of a 

gun-type burner does not always 
remain fixed with respect to time 

or space*. Instead, it may move 

randomly about, as during non- 

: pulsating conditions, or in a peri- 

odic manner, as during 

conditions. One means of provid- 

| ~ a fixed position for the flame 


CONCLUSION 
The following comments are made, 
relating to pulsation suppression 
techniques for oil-fired residential 
heating equipment: 

1. Venting a to be an 
attractive “quick tech- 
nique which can be applied to 
most ogy units. Possible escape 
of smoke, odor, flame, and random 
combustion noise from the vent 
must be considered in any design, 
and thus, may represent a draw- 
back to this cocleliges in some 
cases. 

2. The value of nozzle chang- 
ing can be enhanced, if systematic 
studies are made of a given furnace- 
3 unit, in order to delineate 

ions of pulsation, as has 
in Fig. 2. 

3. A promising technique for 
ane pulsations is air-pattern 
modification. However, extensive 
information would be needed to 
provide basically applicable infor- 
mation. If better control of the air 

ttern were possible, other com- 
tion than tion con- 
trol could also be benefited. 

4. The air-handling system of 
gun-type burners can be made 
more stable by incorporating a high 
pressure across the choke, 
producing a fine read turbulence, 
and by using a fan with a perfor- 
mance curve more suitable for oil- 
burner application. 

5. Controlled recirculation ap- 
pears to have a beneficial effect in 
suppressing generation of combus- 
tion noise and pulsation. 

6. Use of flameholders appears 
to have great promise for control 
of pulsation, if they can be made 
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Acoustic 
‘p 875, 


, and if can 
be desi to minimize 


7, Suppressing pulsations by 
ing the fequ filters or by increas- 


of acoustic pres- 
oscillations does not appear 
for oil-fired resi- 


ting units. 


to 
dential 
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were obtained from hollow cone nozzles, and that it is the hollowness of the spray that is ; : 

this may explain some of the results reported of primary importance but the nominal angle. 

in the literature. But our data do not indicate 


R. W. SAGE 
Associate ASHRAE 


Im 


of noise to the pur- 
chaser of heating and air condi- 


tioning equi t has been amply 
demonstra ASHRAE has de- 
voted considerable effort toward 
understanding and solving the 

blems associated with noise. 
uch of this effort has been di- 
rected at the problems of mechani- 
cal noise as compressor and 
blower operation, duct noise, in- 
sulation, etc. In oil-fired furnaces 
and boilers, however, much of the 
noise originates in the oil burner 
itself. 
Burner noise is created by 
both the flame and the mechanical 
components of the burner. How- 
ever, as shown in a previous pa- 
per,” the flame is the major source 
of oil burner noise. Hence, an 
experimental study of oil burner 
flame noise was carried out to de- 
termine the mechanisms by which 
the noise was produced. The ob- 
R. W. Sage ad H. F. Schroeder are with the 
Process Research 


Div, Esso Research and Engi- 
This paper has been 1 


pared for presentation at the ASHRAE 
annual ‘Mesting. Chicago, Ill., February 13-16, 


No. 1748 


Noise Suppression in Oil Burners 


H. F. SCHROEDER 


jective was to develop an effective 
means of reducing noise level by 
simple adjustments to existing 


equi t. 

Two. types of flame noises 
were examined: high level throb- 
bing noise or “pulsation,” and low 
level normal noise or “combustion 
roar.” The former is not 
prevalent in most burners, but 
when it does exist, severe com- 
plaints are received from home- 
owners. The annoyance of oil 
burner noise can be compared with 
common household appliances.*:* 
For example, a pulsating oil burner 
is as annoying as a vacuum cleaner, 
a nonpulsing burner approximates 
a window air conditioner and the 
mechanical noise from a quiet oil 
burner is about the same as a new 
refrigerator. oh 

A bar com these 
annoyance levels is Fig. 
1. This comparison assumes that 
the listener is standing next to the 
oil burner. However, if the burner 
is in the basement and the listener 
is in the living room, the burner 
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sound level would be reduced at 
least 10 db.t This means that a 
pulsing flame in the basement 
would be as annoying as a dish- 
washer when listening to it in the 
living room. However, even these 
lower an levels are still too 
high and be reduced. 


Noise Levels Measured With Con- 
ventional i — A typical 
furnace-burner combination was 
chosen to examine both types of 
flame noise levels. Two conven- 
tional warm air furnaces with out- 
put ratings of 72,000 and 90,000 
Btu/hr were used. They are rep- 
resentative of the smaller sized 
furnace which is gaining 
ity in new homes today. The oil 
burners tested in these furnaces 
were also typical of those found in 
the field. A commercially available 
high pressure gun burner was used 
to study normal combustion noise. 
To study pulsation flame noise, a 
typical low pressure air atomizing 
burner was 

Standard sound instruments 
were used to determine the sound 
spectrums of the noise from the 
oil burners. Burner noise is com- 


posed of sound waves of all fre- 
encies in the audible 
(50-20,000 cycles/sec). However, in 
most test work, it is not necessary 
to analyze the spectrum for sound 
level as a continuous 
ction of uency; rather, the 
sound level eal measured in “octave 
bands.” These octave bands have 
the same frequency limits as oc- 
taves on the piano keyboard. The 
sound pressure level gradient ob- 
tained by this method gives a good 
approximation of the entire 
trum and was used in this 
of burner noise. 
Sound instruments used in - 
gram gave results reproducible 
ditions the human ear can barely 
detect this one-db change in sound 
pressure ‘evel. A commercially 
available sound level meter was 
used for detection, and sound 
measurements in the octave bands 
were made with a standard octave 
band frequency analyzer. These 
instruments were checked and cali- 
brated daily. They were always 
located in the same position rela- 
tive to the furnace and this loca- 
tion was chosen as the point at 
which-the sound pressure level was 
most critical. The microphone ori- 
entation is shown in Fig. 2. A 
cathode-ray oscilloscope and oscil- 
lator were used to determine the 
pulsing frequencies. 

All the sound measurements 
were made in a remotely located 
sound laboratory. The background 
noise of this laboratory was ex- 
tremely low and equivalent to the 
noise level of a radio broadcastin 
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Fig. 1 Relative loudness of 
oil burner noises 
vacua wen VIGOROUS 
CUSTOMER 
DISHWASHERS 
4 CUSTOMER 
AIR CONDITIONERS 2 
 woneacnon Studio. The sound pressure lev | 


t obtained was at least 30 

below the total burner noise in 
any given octave band. Since this 
background noise level was much 
less the burner noise, it could 
not contribute to the total noise 
level. 

PULSING FLAME NOISE 
Pulsation Studied With Aid of 
High Speed Motion Pictures— The 
loudest and most annoying noise 
found in domestic oil burners is 
pulsation. This n does 
not occur in all oil burners. But 
when it does, it dominates all other 
noise and becomes a focal point 
for serious complaints. Therefore, 
the first phase of our noise study 
was concerned with tion and 


how it could be controlled. Our 
program consisted of determining: 
1. How pulsations originate 
and are perpetuated. 
2. What effect burner and 
furnace variables have. 
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3. What simple, cal de- 
vice can be built to e pul- 
— 

A pulsing oil burmer burner flame in 


the warm air furnace was photo- 
graphed at 3000 frames/sec. These 
showed that the flame was 

ckering “on” and “off” in the 
combustion chamber. The flame 
was not anchored in the normal 
tion near the burner blast tube, 

t periodically traversed the com- 
bustion chamber and disintegrated 
against the rear wall. At the same 
time a new flame front was form- 
ing which followed the same pro- 
ure. At all parts of the cycle, 
some flame always existed in the 
combustion chamber. This peri- 
odic flame extinction coincided 
with the predominant 30 cycle 
sound wave measured on the oscil- 
loscope, indicating that a definite 
relationship existed between pulsa- 
tion noise and flame extinction. A 


SOUND LEVEL werer 
OCTAVE BAND . 
FREQUENCY ANALYZEF 
CATHODE RAY 
OSCILLOSCOPE 
OSCILLATOR 


RA j ATOR 
RM AIR FURNACE 


movies is shown in Fig. 3. 

These high motion pic- 
ture studies and supplementary 
tests enabled a tion mechan- 
ism to be ted. The 
of the sound waves generated by 


the combustion can be ex- 
pressed by the martin formula: 


dc 
where: 

I = sound intensity or energy per 
unit time flowing through a 
unit area 

P=root mean square value of 


instantaneous pressure over 
the given time interval 


d=density of combustion gases 


C= velocity of sound in combus- 
tion gases 

It was postulated that pulsation 

occurs when the energy level of 

the sound waves in the furnace is 

sufficient to retard significantly the 
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flow of combustion air through the 
burner blast tube. The magnitude 
of this energy is dependent largely 
of the waves as shown the 
equation. 

When resonant conditions exist 
between the flame and furnace, 
high amplitude sound waves of 
this resonant build up 
to the energy level required to 
retard the flow of combustion air. 
A rich fuel-air mixture therefore 
is produced momentarily which 
cannot support combustion, at 
which time the flame “goes out.” 
This produces a low zone 
and results in a surge of air into 
the combustion chamber. Re-igni- 
tion occurs and the flame is re- 
established to complete the cycle. 
re-ignition occurs about 30 times 


sec and can be observed easily 
high motion pictures. To 
the eye, however, the flame 


appears to fill the chamber com- 
This mechan- 
ism to in t 
wi Gindings of Sanders and 
Lawrie’ and Putnam and Dennis.* 
This mechanism opened two 
(A) Make the flame less sen- 
sitive to changes in air delivery. 
(B) Dampen the acoustic sys- 
tem and thereby minimize changes 
in air delivery. 


Flame Stabilization Prevents Pres- 
ting pulsation suggested 
the mechanism was eae 
flame less sensitive to changes in 


305 
| 
| 
Fig. 3 Pulsing fame. Top 4 
view of combustion cham- See 
ber. Air and oil enter on left ; 
> 
“a 
™ 


4b. With 


pulsa 


tion was 
ted and noise level was re- 


shown in Fi: 
phically in Fig. 5 
in each 


is 


. 4a was attached to the 
blast tube. The location of 


venting plate in relation to the 


substantially. These results 


uced 


With where the 


the unvaporized oil 
strike the cool metal flame 


when 
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is to burner 
| that i the 
a flam furnace 
this pl 
elimina 
a stagn dz 
“blowin do 
the flame thus anchored, the octave band are plotted for both 
changes in air delivery caused a pulsing and a nonpulsing flame. 
pressure surges do not have ee With aketes eliminated, the en- 
a drastic effect on the flame and tire sound pressure level gradient 
: acoustical energy does not build is reduced, but even more sig- 
: up in the system. Pulsations are nificant is the absence of the most 
: therefore eliminated. annoying component in the 20-75 
Unfortunately, this solution is 
) not practical in intermittently 
j erated oil flames because of A. 5" DIA: 
holder. Home oil burners operate a 3 
intermittently, and such 
On the other hand, solution 1 6} 
seems practical in commercial . 
boilers which operate continuo ie 
because the coke would + 
moved as fast as it forms. 6-1/4" DIA. 
Fig. 4a Sketch of anti-puls- 
Venting Relieves Pressure Buil venting 
and Stops Pulsation — The 
: method of eliminating pulsation 
to pen the acoustical system ne pe 
and minimize changes in ~< 
the flow of incoming combustion 
air. This can be done most effec- 
| tively by venting the combustion pror—ntin 
zone to the atmosphere. 
twelve ¥4-in. diam holes into the + | 
combustion chamber. To accom- : 
plish this, a “venting plate” shown com 


octave band. This component 
cetdeesi from 92 to 76 db which 
cuts the relative loudness in half. 

When the venting area was 
moved to locations further from 
the combustion zone, the ability to 
reduce fluctuations in incoming 
combustion air was less. This was 
determined by the area required to 
relieve pulsation at two locations 
in the furnace. When vented at the 
combustion chamber only one sq 
in. of area was to re- 
lieve the . However, when 
vented in the heat exchanger, 
three sq in. of area was required. 
Large areas, of course, lower effi- 
ciency by admitting excess air. 
These data are shown in Table I 
and demonstrate the effectiveness 
of locating the vent holes at the 
combustion chamber. 

When the combustion cham- 
ber is vented, excess combustion 
air is admitted through the venting 
holes. The question then arose as 
to whether the tions were 
eliminated by e relief or by 


the addition of excess air. Addi- 
tion of excess air through the 
burner blast tube is known to 
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TABLE | 


VENTING HOLES MOST EFFEC- 
TIVE IN Pare CHAM- 


Therefore, 
pressure relief, less excess air 


should be required to eliminate 
pulsations. 


air was supplied through a mani- 
fold to these vent holes, the total 
amount of air required to eliminate 
pulsation was increased. However, 
when the vent holes were 
to the a the total amount 
of air required to eliminate pulsa- 
tion was decreased. These data 
show clearly that the effect of the 
vent holes was pi ily an acous- 
tic one. Test data are assembled in 
Table II. 

Another possibility is that the 
venting holes altered the resonant 


TABLE 


PRESSURE RELIEF, NOT EXCESS 
AIR ELIMINATES PULSATION 


Thru Manifold, to Eliminate Pulsation 
SCFM Vent Open Vent 
0 39 


37 
2 43 
3 
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Vent Area, In.’ 
Vent Hole Required 
Location for No Pulse 
Combustion Chamber 0.98 
Heat Exchanger 3.14 
eliminate pulsation, because of the 
increased open drop available 
to retard advance of the on- 
- pulsation or standing wave. 
Experiments showed that when : 
Fig. 5 Elimination of pul- fm 
level 
wo) 
70 Air Delivered °%, Excess Air Required 
20- 75- 180- 300- 600- (200- 2400-4800- 73 
75 300 600 1200 2400 4800 9600 
OCTAVE BAND LIMITS IN CPS 80 e 
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unt of excess air, 


Pulsing Device — A good, 
venting device must provide: 

1. Adequate pressure relief 
from the combustion zone to elimi- 
nate tion. 

Minimum losses in effi- 


ind 


ing units. 

The simplest device found in 
our laboratory studies that meets 
these requirements is the venting 
¥4-in. holes are avail- 
able for relief, if neces- 
sary. t units and firing 


Loss In Is Negligible — 
Although venting holes prevent 
pulsation by relieving acoustic 

can admit a small 


ratory 
fore made to determine the maxi- 
mum efficiency of a test unit usin 
the venting technique. A series 


TABLE ill 


OPTIMUM VENTING AREA DE- 
PENDS ON FURNACE AND FIR- 
ING RATE 


imum Vent 


0.5 
1.0 1.2 
05 
90,000 Btu/Hr 1.0 18 


TRANSACTIONS 
requirements, as shown by the 
data listed in Table III. These 
laboratory tests on two warm air 
} furnaces indicated, however, that 
1 twelve %-in. holes are ample for 
4 small, pulsation-prone, domestic 
be furnaces. The laboratory units had 
capacities of 72,000 and 90,000 
: Btu/hr and were fired over a range 
; of 0.5 to 1.0 gph. In no case were 
firmed by more than nine holes needed to 
eliminate tions. In larger 
units using firing rates more 
energy release is involved and 
| hence venting area requirements 
q could be — However, larger 
venting units are prone to pulsate and 
ation with the further tests are needed to sub- 
} indi- stantiate the extrapolation above 
| ic pressure one gal/hr. 
j was relieved. Other acoustic 
; changes to the furnace did not 
| change the pulsing frequency. 
Venting Plate Is A Practical Anti- 
quantity of air to the combustion 
j zone and thereby reduce efficiency. 
1 The second a of a prac- 
tical venting must be to 
minimize these losses in efficiency. 
justment. 
. Adaptability to most heat- 
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runs were made at various 


76 
# 
REGION OF 
NO PULSATION qr 
o 478“ 
20+ REGION 
2 


i 
105 as 28° 
VENTING AREA, 


creased. These data are shown in 
Fig. 6a. When the venting area 
was increased still further, too 
much air was admitted through the 
vent holes, which caused cient 
air-oil mixing and inefficient com- 


tion occurring. It is less than 
1% lower than the efficiency ob- 
tained with the same burner in a 
ion-free furnace. This small 
in effi should not be 
serious, and from these data it was 
concluded that the venting plate 
meets the second uirement of 
minimizing efficiency losses. 
The other design require- 
ments, ease of tion, low 


sliding it onto the blast tube 

sealing it to the front of the fur- 
nace. The only time an installation 
would be more involved would be 
when the burner is sealed to the 
inside of the combustion chamber. 


In such cases, an opening would 


have to be provided in the com- 
bustion chamber around the blast 
in 


tube or greater 


venting 
areas ranging from 0 to 2.0 in.* At Ke 
each venting area, the wee air 
shutter was gradually until 
either pulsation or smoke occurred. : 
The air was measured at 
this incipient point. bustion. Hence, at large venting ; 
areas satisfactory operation of the 
tion limited the maximum obtain- burner was limited by smoke for- E 
was tend- These data plot as a 
ency was which al- curve in 
lowed the burner to te with Fig. “poe wi gen i 
tersection of these two curves rep- a 

resents the optimum venting area ' 

since it is the maximum efficiency i 

attainable without either smoke or G 

@ 

Fig- cost and adaptability to most heat- 
quired to stop pulsation ing units, are satisfied by the sim- ~ 
plicity of the thin — This low  . 

cost device is installed merely by = 

Fig. 6b Too much senting 
causes inefficient use 

SATISFACTORY OPERATION 

7 
sectional area to that required for 
optimum venting. A diagram of a | 4 


Other Ti Can Work But build up high enough static pres- 
No Practical Were Found — en- 


i 


eg Ee 


OTHER TECHNIQUES WORK BUT SEEM IMPRACTICAL 


Technique 


Range Tested Remarks 


1. Decreased Tendency to Pulsate By: 


0.015 to 0.130 in. Inefficient burner operation and 
required draft too high. 


0 to 70%, Inefficient combustion at 70%. 

4to8 in. Hg Pressure Noisy or inefficient combustion. 

60 to 140 psi impractical increases required. 

0.90 to 0.50 gph Se 
tical use. 


Various dashpots and Size of devices impractical in 

surge chambers field. 

0.04 to 0.50 in. H:O ired drop too high 


Eliminating any Possible Fed oil to burner by No effect. 
gravity 


Fluctuations in Oil Feed* 


* Low pressure, air atomizing burner only 
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typical installation is presented as the air pressure drop across the 
Fig. 4b. burner end cone. Unfortunately, 
conventional burner fans do not 
For example, the tendency to pul- these results were considered to be 
sate was decreased by increasing further proof that the venting plate 
a TABLE IV 
Increasing Excess Air 
Changing Atomizing Air* 
Increasing Oil Pressure 
Pressure 
Increasing Air Drop 
2. Pulsation Not Affected By: 
Changing Oil Distribution Symmetrical to No effect. 
Pattern of High Pressure sided > 
No effect. 
Recirculating Combustion Baffles to 
residence time 


is the best practical anti-pulsing 
device. 


Easily Controlled Flame “Vari- 
of the burner noise study was 
concerned with non-pulsing flame 
noise or “combustion roar”. As 
shown iously, the flame itself 
is the major contributor to high 
noise levels. The problem of deter- 
mining how to reduce this noise 
was by detailed con- 
sideration of the rating vari- 
ables subject to change, that would 


Numbers shown are the average overall sound 
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alter flame characteristics. The 
variables considered were: 


Firing rate 

Flame pattern 

Excess air 

Draft 

Combustion chamber design 
Nozzle design 

Fuel characteristics 


The fuel characteristic effect was 


is not discussed herein. Suffice it 


to say that major changes in fuel 
chemical composition, and volatil- 


TABLE V 


FACTORIAL-TYPE EXPERIMENT FOR NONPULSING 
COMBUSTION NOISE 


pressure levels, in decibels, for several runs. 


Combustion Chamber, 9 |.D. x 12 in. High, Hard Pre-Fab Material 
easured Over Fire 


Draft, In. M 
0.015 0.050 
Flame Shape Flame Shape Flame Shape Flame Shape 
30 80 F 30 F 80 F 
4 73.8 78.2 69.8° 74.3 76.1 69.0° 
69.2" 
2 76.0 79.1 71.9 75.8 


| 

| 755 75.8 76.5" 718 72.8 
73.6 77.0 76.7* 72.7 76.8 75.5° 
76.5° 77.6° 

735 72.0 71.0 70.3 

x 73.8 x x | 

2) Position of inner air sleeve changed. u. 
3) 7 in. diam stainless steel combustion chamber. a 
4) 8x8 x 12 in. high, soft 2000 F firebrick combustion chamber. 


ity, argemen no significant change in 
Since the variables Usted above 


tion was to determine if some 

could be made by the manufac- 
turer or servicemen so that 


noise levels would 


rates of 0.5, 0.75, and 1.00 gph were 
the 


g 
1.0 to 0.5 (80 F flame) is 


Reducing the firing rates of 
burners in the field will effectively 
reduce the noise level and at the 
same time may give increased effi- 
ciency better utilization of the 
heat exchanger. The magnitude of 
this change, however, on 
two factors: the lowest — 
firing rate that will supply the 
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house with enough 
firing rate of the burner in ques- 


heat, and the 
tion. Noise data were not obtained 


Noise—Fig. 7 also shows the 
of narrowing the flame pat- 
to 30 deg. The narrow 
was 1 to 5 db quieter 
e 


30 deg flame 
at firin 


the wid 
tes the 


both lower firing rate and narrower 
are decreasing noise 
same route. 

The narrowing of flame pat- 
tern is a means of lower- 
ing combustion noise. Although the 
amount of noise reduction 
able is a function of minimum 


spray aa two practical limita- 
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Would no BCessarlly De reducing firing rates initially 
. pendent in nature, a factorial-type — LO ph. While a noise re- 
experiment was wom ae tw duction will occur, its magnitude 
possible interactions the has not been determined. 
variables could be evaluated. This 
experiment is described Table Narrowing Flame Pattern 
. were obtained. A prime considera- effect 
lowered. ra ct of flame pattern 
Lowering Firing Rate Gives Most 
Noise Reduction—Firing rate had 
; the test effect on noise level 
of all the variables tested. = 
heating requirements of an average 
, house. Noise level decreased con- 
cal results are shown sche 7. 
The 8 db decrease le pos- Inside of 
. tion of leaving a room with a win- Fig.7 Non-pulsing noise re- 
duced by lowering firing rate 
but still remaining in a close-by se neat 
i 
04 06 08 10 72 
:, FIRING RATE, GALLONS / HOUR 


rower air patterns. 
The depth of the furnace 
be sufficient to accommodate a long 
narrow flame and the burner must 
be capable of providing a narrow 
air pattern. Close terns Poth of air 
and oil 


representing acceptable 
operation at 40% rm the other 

ting inefficient operation at 
125%. No significant trend was 
observed. Combustion chambers of 
different size, shape, and materials 
of construction were tested also. 
These consisted of round and 
square combustion chambers of 
equal and different cross-sectional 
area. Stainless steel, soft 2000 F 
firebrick and a hard abricated 
chamber were tried. cases had 
essentially the same noise level of 
77 db, indicating that combustion 
chamber characteristics are not 
critical. 

Two “over the fire” draft con- 
ditions that can be obtain ed 
in the majority of domestic instal- 
lations were used in the variable 
study. These were the minimum 

ble standard of 0.015 in. 
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practical in most furnaces because 
of the accompanying loss in ab- 
ion effi caused by air 
] e. Although the results were 
consistently in favor of the higher 
draft, the noise level reduction was 
only 2 db, barely above that de- 
tectable the human ear. Be- 
cause of small decrease and 
the lower efficiency of high draft, 
the use of higher draft is not a 
desirable method of reducing noise. 
In addition to the variables 
examined in the factorial-type ex- 
periment, the effect of flame hold- 
ers was examined because of a 
lead that turned up during the 
pulsation studies. high speed 
motion pictures showed that even 
nonpulsing flames have oscillating 
flame fronts. Such oscillation or 
momentary instability generates 
sound waves which contribute to 
overall flame noise. Consequently, 
a series of tests was run with sev- 
eral different of flame ‘hold- 
ers, which reduced overall flame 
noise from 3 to 6 db. However, as 
mentioned previously, flame hold- 
ers seem impractical in intermit- 
tently operated oil burners. In 
view of these results, further de- 
velopment work to make the de- 
vice practical and prevent coke 
buildup may be worthwhile. 


Findings Can Be Used 
— The findings of 
be used by equipment manufactur- 
ers and servicemen to minimize oil 
burner flame noise. 

By far the biggest noise reduc- 


H.O and a much higher setting of pulsa 


0.05 in. H,O. Higher drafts are im- 


tion can be eff by eliminatin 
tion. This is lis 
easily and without losing elhitindy 


| 

= 

Burner adaptability to nar- 
| 
efficient operation. In most cases, : 
air patterns can be matched to nar- re 
row oil sprays by using a smaller — 
end cone on the burner. Tests were sak 
also made with hollow cone noz- i 
zles which gave results similar to - 
the solid type. = 
Other Changes to Flame Are In- : 
significant or Impractical Noise 
Reducers—The variable of excess 7 
combustion air was studied at two i? 


17 


pment before marketing 


all cases. 
Servicemen should have two 


others with —— venting areas 
Simple trial error in a few 
installations would supply the nec- 
essary e to minimize fu- 
ture wor 

With tion eliminated, the 
noise level is reduced 16 decibels. 

In the ty of oil burner 
installations, ever, pulsation 


does not exist and consequently 


is not as 
great. By lowering the firing rate 
and using a narrower spray angle, 
the flame noise can be reduced 5 
to 8 db. Since lower firing rates 


also provide hi efficiencies, 
this desirable. 
As a result of these changes, the 
relative loudness of the oil burner 
was reduced to approximately the 
same annoyance level as a window 
air conditioner except that the oil 
burner is in the basement. Because 
of the nature of the gun burner in 
regard to the high air turbulence 
and unstable flame, any further 
reduction in noise through simple 
equipment changes seems unlikely. 
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times for the 
hold the flame longer. : 
last tube. How- Near the end of the paper, where the ay 
difficult to put findings are interpreted in terms of their ts 
ithout consider- usefulness to the industry, an observation is ; 
made concerning the amount of noise reduc- “ee 
with other air tion when pulsation is eliminated. Although ; 
to give some the noise reduction is certainly significant in : 
with something uestionable whether a 16 : 
accompany the suppression 
have cases. 
variable 
of te to some ‘ 
ely t visualize 
the two 
earch ig rates. 
ing on whet 
e fiel indicative of the fa : 
are fi ombustion rate pe 
they the spray angle S 
data bustion noise. 
Aurnor Sace: Our study 4 
entire frequency range com- low pressure burners. It ha | 
ard fire brick. However, this came especially interested in puls 
excess air level. When we testing a low pressure burner, and 
excess air, which is where that low pressure burner as one 
ould be operated, it was not in the experiments performed. H } i 
istinguish between the soft and general, the work was pitched at 
icks. Pulsation is at the low or high pressure burners and puls 
d of the spectrum and _ this obtained in high pressure burners. ; 
for an acoustical HE In connection with the questi 
ely ing, it was firmly established t « 
; works by acoustical effect rather t 
nin, A. A. Pwrnam anv C. F. introduction of additional air. : 
bus, Ohio ( Written): Two effec- It seems to me that this db 
r suppression of pulsations have true. In our furnaces we did a 
ted by the author: the use of reduction. While these results do . | 2 
to stabilize the flame and venting sarily apply to all systems, it is es ' 
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. A more scientific basis for the the field today. . 
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Influence of the House on Chimney Draft 


A. G. WILSON 
Member ASHRAE 


Draft is the pressure difference 
between some point in a venting 
and the surrounding air at 

same level. It is common to 
consider draft with to out- 
side air, when predicting the draft 

residential 

eanden between the base of 
the chimney or firepot and the sur- 
rounding inside air is the one ef- 
fective in venting connected ap- 
pliances. Draft requirements and 
chimney design are usually based 
on conditions expected when con- 
nected appliances ne steadily 
at alka output, when the differ- 
ence between draft with respect 
to outside and inside air may be 
unimportant. However, a number 
of appliances, for example, solid- 
fuel hand-fired furnaces or oil units 
with burners, operate at 
low of the Even 
with gas or mechanically fired oil- 
burning units there is a period of 
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non-steady flue ture at 
Some of the 
that arise under these coriditions 
can be understood better by con- 
sidering the relation between 
aan draft and house pressures. 
n this paper, this relationship is 
and demonstrated by re- 
sults of some field 
Its application to 
of venting failure 
hand- furnaces is discussed. 
Included, too, are results of field 
measurements of draft during 
start-up of a furnace with a high- 


pressure gun-type burner. 


VENTING FAILURE 
AT LOW FIRING RATE 


In the spring and fall, when houses 
have low heat requirements, draft 
problems with heating units which 
can operate on low fire are not 
uncommon. A: under hand 
control such as oil burning space 
heaters or solid-fuel hand-fired fur- 
naces, where the combustion rate 
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— 
= 
ae . A. G. Wilson is Head, Building Services Sect, 
a Div of Building Research, National Research o 
Council of Canada This was : 
j 
» 


is modulated roughly to conform to 
heat requirements, are in this cate- 
former and venting failure and 
fume poisoning with the latter are 
sometimes These vent- 
ing failures are often ascribed to 
down-drafts or unusual atmos- 
pheric conditions. 
However, in recent investiga- 
tions in two widely separated 


gravi 
and 
naces venting into standard lined 
masonry chimneys located on an 
exterior wall. Chimneys were 25 
ft high with 7%-in. square flues 
inside; , about 12 ft 
long contai a plate damper. 
Pennsylvania anthracite coal was 


burned. Venting failure was not 
in similar bungalow units 
with chimneys located inside the 


In mild weather ash pit 
ers were generally left closed, and 
air for combustion was admitted 
through a manual slide in the firin 


door. Combustion was controll 
yd manipulating the smokepipe 
damper. 
temperatures chi 

taken in a number of 
houses with furnaces operating at 
low combustion rates. With the 
smokepipe damper closed, temper- 
press, =a of 40, 90 and 140 F oc- 
curred in the smokepipes with 
tem at the collar of 


150, 250, and 350 F respectively. 
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With the smokepipe damper open, 
temperature with the same 
gas temperatures at the flue collar 
were increased to 60, 150, and 220 
F due to diluent air. 

Fig. 1 gives results of the draft 
measurements related to flue gas 
temperatures at chimney entry. 
Values fall within the cross-hatched 
area; some spread is expected as 
measurements were taken under 
differing conditions of flue gas 
volume. Outside temperatures dur- 
ing the measurements were be- 
tween 25 and 34 F. Basement tem- 
peratures were near 70 F. Draft at 
the smokepipe plate damper was 
not but would have been 
less than at the chimney by the 
amount required to ee 
smokepipe pressure losses. us, 
ier the conditions shown at the 
lower end of the graph, venting 
failure was imminent. Some of the 
factors contributing to these condi- 
tions are a t, but the actual 
mechanism by which venting fail- 
ure occurred can be fully explai 
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housing developments, venting 
failures were reported during 
calm, mild periods, often during 
sleeping hours. The houses, 1%- 
story units with basements, had 
| 
. Fig. 1 Draft vs. flue gas 
temperature at chimney entry 
x 
| 
A£Y 
FLUE Gas TEMPERATURE AT CHIMNEY ENTRY (°F) 
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only by considering the inter-rela- 
INTER-RELATION OF DRAFT 
AND HOUSE PRESSURES 


Fig. 2 is a dia of a 
two-level house with basement and 
attached chimney. Elevation 1, 

ts the level of the neutral 
zone where the absolute pressures 
inside and outside are equal. Ele- 
vation ], represents the location of 
any opening between the venting 
system and the house, such as a 
smokepipe plate damper, a baro- 
metric damper, or a draft hood. 
Venting failure occurs when the 
pressure in the venting system at 
this location, pa, is greater than 
the pressure in the house at the 
same level, Since 
at the chimney exit is equal to 
outside pressure p,s at the same 
elevation, 1,, 


Pei = Pos + We (Ils — 1) + Pre (1) 
where 
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We= mean weight of flue gas, lb 
per cu ft : 
= pressure | in the himney 
dow lb per 
sq 
The outside pressure at elevation 
1, is 
Por = Pos + We (le — ls) 
where 
‘Ww. = mean weight of outside air, Ib 
per cu ft 
The chimney draft with respect to 
outside air at elevation 1, is then 


(Is — — Pre 
Similarly, the chimney draft with 


(2) 


respect to inside air at elevation ],, 
is 


Pit — Per = Woe (1s — 1s) + 
Wi (ls — lL) — we (la —h) + 
Pri — Pre (4) 
where 
‘Ww: = mean weight of inside air, lb 
per cu ft 
ressure loss in the house 
e to resistance to flow be- 
tween elevations 1, and 1, 
The resistance to flow between 
levels within the house is usually 
negligible and the difference be- 
tween the draft with re- 
spect to outside and inside air is 
Poi — Pur = (Wo— ws) (5) 


uation (4) shows that vent- 
ing failure and spillage of flue gas 
into the house from openings at 
elevation 1, will occur if 
We (lp— ls) + wi (lh —h) S 
We (ls — li) + (Dee — prs) (6) 
Thus the location of elevation 1,, 
the neutral zone, has an effect on 
draft with to inside air and 
is related to failure. If eleva- 
tion 1, = ],, the draft with 
to inside and outside air be 


Pa = 


2 
Fig. 2 Simplified diagram rs 
of 2-story house 
if 
%s 
mouse 
= 


tempera- 
, below which venting failure 
occurs, will be dingly 
higher. An increase in the mean 
flue gas temperature of approxi- 


scope of this 
or low wind conditions, the level of 
the neutral zone will usually be at 
some elevation between |, and |, 
and will d on the location 
and characteristics of the openings 
between the house and outside. 
Data on the location of the 
neutral zone in houses are limited. 
Available records indicate that it 
may often be well above the mid- 
height of the heated structure. It 
follows that ing basement 
windows will have a beneficial 
effect on draft, but openings at 
upper levels may affect draft ad- 
versely. Appliances that exhaust 
air from the house have the same 
effect as openings above the neu- 


tral zone. In a tight house these 
might lower house ures below 
outside pressures at all levels, 
creating an imaginary neutral zone 
above the heated structure. It will 
be recognized that the chimney 
itself represents one of the upper 
ings. In a tight house or en- 
the chimney might have an 
effect on the neutral zone similar 
to a mechanical exhaust unit. 

The mechanism of draft fail- 
ure described previously applies 
directly to conditions found at the 
housing developments referred to. 
It can be assumed that the neutral 
zone was at an upper level in the 
house, particularly at night when 

irs windows are open, and at 
times the mean flue gas tempera- 
ture fell below the critical value 
defined by Equation (6). It is clear 
that to avoid this cause of venting 
failure the mean flue gas tempera- 
tures in the chimney cannot fall 
much below mean house tempera- 
ture. 
Several factors contributed to 
the lowering of mean flue gas tem- 
perature below this value. Low 
of dilution of 
e gases at the smokepi late 
and cooling of the’ flue 
gases in the long smokepipes re- 
sulted in relatively low fue gas 
temperatures upon entrance to the 
i . These temperatures were 
still higher, however, than the 
house air, and the effect of cooling 
the flue gas in exposed outside 
chimneys must be considered the 
ultimate cause of draft failure. 

The temperatures at the exit 
of the chimneys where venting 
failure occurred were not meas- 
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equal at elevation 1, and will be 
zero when the mean temperature 
is equal to outside temperature, 
Fa; ignoring friction effects. 
imilarly, if elevation 1, = 1,, 
mately 10F would | 
adequate to overcome these fric- 
tion losses with the small flue gas 
volumes involved when venting 
failure is imminent. 
Wind pressures may affect the 
neutral zone location, and, in addi- 
| tion, will usually have some direct 
effect on pressures at the chimney 
exit, Wind effects are beyond the 
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ured. Subsequently, however, some 

ture records were obtained 
for three chimneys of similar con- 
struction venting oil burning fur- 
naces. Two of these chimneys were 
on outside walls, one 27 ft and the 
other 19 ft high. The third was an 
inside chimney 22 ft high; 12 ft 
within the heated structure, 7 ft 
in the attic, and 3 ft above the roof. 
Following an 8-hr burner-off pe- 
riod, when outside temperature 
was 40 F, the flue gas temperatures 
at chimney exit were 47, 48, and 
65 F, respectively. Venting failure 
of the described, with solid- 
fuel hand-fired furnaces, is unlikely 
to develop when inside chimneys 
are used. 


burning other fuels operate at low 
or pilot fire during mild weather, 


although spillage of the products 
the 


of combustion into house 
might not be regarded so seriously. 
It follows that inside chimneys 
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would also be advantageous in 
these instances. On the other hand, 
mechanical oil-burning furnaces 
operate at rated input on heat de- 
mand, regardless of the outside 
temperature, and the same problem 
of venting failure due to low flue 
gas temperatures does not occur. 
However, the draft condition dur- 
ing start-up of such furnaces, and 
the extent to which this is affected 
by the draft prior to start-up, are 
of special interest. Since the aver- 
age temperature of gas in the 
chimney can be relatively low, the 
effect of house pressures on the 
chimney draft prior to starting of 
the burner is next considered. 


MEASURING CHIMNEY DRAFT 
AND HOUSE PRESSURES 
Measurements of chimney draft 
and house pressures were made in 
a single-story house with basement, 
heated by a forced warm-air sys- 


ATTIC HATCH 
20°: 26° 


Similar venting can 
be expected when heating units - 

, Fig. 3 Location of pressure 4 
LOCATIONS 
=} 

4 P24 LEVEL OF PRESSURE 

: METER 

TIRE TAP 
BAR. DAMPER 


area of 1200 sq ft and was well 
insulated, with plaster finish 
throughout. Storm windows and 
doors and weatherstripping were 
hatch 
in the hall ceiling leading to a 
vented attic. 

The chi was on an out- 
side wall and to the 
weather on three sides. It was con- 
structed of single layer brick with 
clay-tile flue liners and contained 
a nominal 8- by 8-in. flue serving 
the furnace and a nominal 8- by 
8-in. flue serving a fireplace. The 
furnace room was open to the 
basement which was intercon- 
nected to the main floor through 
the return air system. The oil 


burner was equi with a 0.75- 
h nozzle and the air supply was 
justed to give No. 2 smoke spot 


with about 5% CO,. The flue pipe 
was 6 ft. long and contained a 


barometric damper, which was 
partly open even when the furnace 
was off. 


Pressure taps were located in 
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TABLE | 


the cap of the combustion chamber 
sight-port to measure overfire draft, 


four outside walls and ceiling to 
differences across 


measure 
the building enclosure, and at an 
outside station in the 
backyard approximately 80 ft from 


the rear of the house. Pressure 
measurements were made with an 
electric capacity-type differential 
meter. This provided a 
current output proportional to pres- 
sure, which was measured on a 
galvanometer-type recording milli- 
ammeter. The pressure meter was 
sensitive to pressure charges of less 
than 0.001 in. of water and was 
calibrated against a laboratory 
micromanometer having a corre- 
sponding accuracy. The zero-posi- 
tion of the meter, however, drifted 
with temperature and line voltage 
fluctuations and frequent checking 
was necessary. 
Flue gas temperatures in the 
chimney, along the center of the 


HOUSE PRESSURE VS. BACKYARD, ATTIC AND CHIMNEY AS 
AFFECTED BY HOUSE OPENINGS, WITH FURNACE OFF 


Pressure Differences, !a. of Water 


Backyard (3) 


Attic (4) Chimney (1!) 


72F T, = 70F 
T=27F | T.= 6F 


=72F 
=27F 


T, = 70F 
T= 6F 


T, = 72F 
T. =27F 


—0.005 


0.005 0.010 0.016 


—0.003 


0.016 0.025 
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| in the flue _ chimney entry 
. to measure chimney draft, in the 
of 
Openings | | | 
Openings closed || | —oo1e || 
Basement window 0.000 0.027 
Attic hatch open 0.000 0011 
Fireplace damper —0.023 0.006 
open 
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flue, and outside temperature were 
measured with copper-constantan 
thermocouples connected to a 16- 
point electronic temperature re- 
corder. Location of the chimney 
thermocouples with res to the 
imble and 
location of pressure taps with re- 
spect to the level of pressure 
meter are shown in Fig. 3. Inside 
air temperature was measured with 
a calibrated thermograph at one 
location only, in the living room 
2% ft from the floor. 

is has been taken as the mean 
house temperature in subsequent 
calculations. 

Table I shows, for two differ- 
ent outside temperature conditions, 
the effects of openings to the out- 
side at different levels on house 

ressure (at the meter) relative to 
ard, attic and chimney pres- 
sures. These records were obtained 
on relatively calm days, durin 
periods when the furnace was off. 

When there is no wind, the 
pressure reading obtained with the 
meter connected to tap 3 is equiva- 
lent to the pressure difference 
across the building enclosure at the 
level where the connection from 
inside to outside is made. If there 


is wind, the reading merely repre- 


sents basement pressure with ref- 
erence to the backyard tap. The 
reading obtained with the meter 
connected to tap 4 is equivalent to. 
the pressure difference across the 
The house ey effect 
required to uce these pressure 
lated from the difference in den- 
sity between inside and outside 
air, and a neutral level established 
with reference to the pressure taps; 
although where the pressure differ- 
ences are extremely low, small 
errors in pressure or air density 
can lead to significant errors in the 
calculation. 

From the results for an out- 
side air temperature of 27F, the 
neutral level, calculated with ref- 
erence to the attic pressure, is ap- 
4 ft below the ceiling 
with the ent window shut, 
and approximately 12 ft below the 
ceiling with it open. This shift of 
the neutral Jevel below the base- 
ment window can be explained by 
outside wind pressure. There is a 
corresponding increase in chimney 
draft with basement window 
open. It is anomalous that the 
basement pressure measured with 
respect to the backyard tap did not 
increase to the same extent when 


TABLE Ii 


HOUSE PRESSURE VS. CHIMNEY AND OUTSIDE WITH FURNACE 
OFF AND ON 


| Pressure Differences, in. of water 


T= 6F (1) (2) (3) 


Attic 


North | East | South | West 
(5) | (6) | (7) | (8) 


(4) 


| Overfire| Bactvard 


0.020 | 0.019 | —0018 
Furnace on 0.065 | 0.035 | —0.023 


0.011 |—0.007 |—0.010 |—0.008 | 0.000 
9.007 | —0.012 | —0.013 | —0.012 | —0.004 


. ye 

) 

x 

j 

= 

| 


the basement window was opened. 
g the attic hatch raised 

the neutral zone to the ceiling level 
and had a ect in 
lowering chimney draft. A similar 
study of the results for an outside 
air temperature of 6F indicates 
that opening the basement win- 
dow low the neutral level ap- 
proximately 7% ft, while opening 
the fireplace damper raised it ap- 

ximately 2% ft. 

Table II gives some additional 
pressure measurements, taken 
under the same conditions as those 
in Table I for an outside tempera- 
ture of 6F. Calculated neutral 
levels vary from 3% ft below the 
ceiling with reference to the west 
wall to 1 ft below the ceiling with 
respect to the east wall, indicating 
some wind effect. Simi- 
larly, the neutral level is 5% ft 
below the ceiling with reference to 
the attic tap and at the ceiling 
with respect to the backyard tap. 
With the furnace on and other 
conditions the same, the neutral 
level is approximately 2 ft higher 
with reference to all taps, a result 
of the increased flow up the chim- 


ee It should be pointed out in 
connection with calculated neutral 
pressure levels, that the house had 
a total door and window crackage 
of about 260 lineal ft. Basement 
windows, not well weatherstripped, 
ted 35 ft. Living room 
windows were fixed and ventilation 
was provided by louvred openings 
with weatherstripped covers just 
above floor level, contributing 40 
ft. Thus, there may have 
more cracks immediately above 
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and below the floor than is usual, 
and neutral levels may have been 
dingly lower. 

Table III ts some fur- 
ther records of the effect of house 
openings on chimney draft under 
mild weather conditions. With the 
furnace off, opening of the base- 
ment window raised the draft 
about 0.006 in. of water, while 

g the attic hatch lowered it 
by about 0.005 in. of water. With 
the furnace on, the effect of open- 
ing the window is somewhat 

ter, while opening the attic 
tch has a lesser effect. 


DRAFT DURING BURNER 
START-UP 
Several tests were made with this 
same installation, in which the 
chimney or overfire draft was re- 
corded during burner start-up. Fig. 
4 gives the results following ex- 
tended furnace-off periods at dif- 
ferent outside temperatures. The 
accuracy of these measurements of 
transient draft has not been estab- 
lished. The galvanometer pen was 
delicately balanced to minimize 
drag, and the galvanometer was 
critically Mt to eliminate over- 


TABLE Ill 


EFFECT OF HOUSE OPENINGS 
ON CHIMNEY DRAFT 


TT, =72F Chimney draft, in. of water 
T. = 36F Furnace off | Furnace on 
Openings closed 0.010 0.066 
Basement window 0.016 0.075 
open 
Fireplace 0.005 0.063 
damper open 


E 
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shooting. Any errors are thought to 
be mainly in the measurement of 
extremes in pressure when pres- 
sures were rapidly reversed. 

Fig. 4(a) indicates that sub- 
stantial positive pressures can oc- 
cur for a brief period in the fire 
box when the burner-blower first 
starts. Maximum pressure meas- 
ured in this test was just under 
0.15 in. of water. Draft failure in 
the fire box occurred for about 5 
sec. In this instance, the furnace 
had been off overnight and the 
temperature in the center of the 
flue varied from 69 F at the bottom 


Fig. 4 Draft during furnace 
start-up, following extended 


4 
40 
ji 
= 
05 
|S SSS: 
~ 
= + + 
15 30 4 #60 
(0) OUTSIDE TEMPERATURE 36 °F 
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a 05 i 
veo “+ 
Fs (b) OUTSIDE TEMPERATURE 27 °F 
10 
> OFF 6 HR ON 
15 30 45 #60 
TIME (SECONDS) 


(c) OUTSIDE TEMPERATURE 6 °F 


to 49 F at the top prior to burner 
start-up. The chimney draft was 
0.010 in. of water, as shown in 
Table III. Fire box draft after 
burner start-up surpassed that prior 
to start-up in about 6% sec. 

Figs. 4(b) and 4(c) show the 
extent of positive pressure at the 
base of the chimney oe burner 
start-up following extended pe- 
riods with the furnace off. Tem- 
peratures from bottom to top of 
the chimney were 77 to 61 F and 
70 to 43F, ively. Draft 
failure at the base of the chimney 
existed for about one sec in 
instances. Chimney draft with the 
burner ting exceeded that 
with the hence off after 2% sec. 
Draft build-up was relatively rapid 
in all cases. 

There was a corresponding 
rate of increase in chimney flue 
gas temperature, as shown in Fig. 
5 for the conditions of Fig. US. 
The curves from top to bottom 
represent the temperatures at the 
thermocouple positions shown in 
Fig. 2, in order, from the bottom 
to top of the chimney. The print. 
and chart speed of the tempera- 
ture recorder were not sufficiently 
fast to show the precise pattern of 
temperature change during the first 
few seconds of furnace ration. 

As mentioned earlier, the bar- 
ometric damper was partly open 
even when furnace was off. 
This no doubt led to higher chim- 
ney tures than would have 

otherwise, during ex- 
tended periods with the 
off. The position of the barometric 
damper also affected the maximum 
pressures at the base of the chim- 


Me 

4 


‘LG 


In each case the furnace 
allowed to run for less than one 


min and the system allowed to cool 
until the draft returned to 
its value, with the baro- 


metric damper free, before begin- 
ning another on-cycle. The outside 
temperature was 5 F and the burner 
had been cycling normally before 
the measurements were taken, ac- 
counting for the relatively high 
chimney draft prior to each burner 
start. 


positive pressure oc- 


the base of the chimney when the 
barometric damper was closed, in- 
dicating that these pressures are re- 
lieved, to some extent, by gas flow 
out of the barometric damper. The 
rate of draft recovery was some- 
what greater with the barometric 
damper closed, probably due to 
the higher flue gas temperatures in 
difference between maximum pres- 
sure in the chimney or fire box and 
potential for draft. The position of 
the barometric damper in this in- 
stance had little effect on the pe- 
riod of draft failure, being less 
than 1 sec at the base of the chim- 
ney and 2 or 3 sec in the fire box. 

In ing the results in 
Fig. 4 with in Fig. 6, it must 


be noted that the burner nozzle 
size was 0.75 gph for the former, 
but was changed to 0.65 gph for 
the latter, with a corresponding 
throttling of the air supply to the 
burner blower. Thus, both the 
higher draft before start-up and 
the reduced ity of the burner 
blower probably account for the 
lower positive pressures and shorter 

iods of draft failure shown in 


g. 6. 

Sudden increase in draft at 
the moment the oil burner stops, 
in Fig. 6, is of academic interest. 
The rate at which the draft sub- 
sequently decreases is more im- 

rtant, since it relates to the 
draft available at the beginning of 
the next on-period. Fig. 7 is a 
record of chimney draft following 
extended burner operation, the 
beginning of which is shown in 
Fig. 4(b). The draft decreased rap- 


Fig. 5 Chimney tempera- 
tures at furnace start-up 
10" 
9 
Z 
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| ney and in the fire 
burner start-up. This 
in Fig. 6, which give 
of chimney and fire 
measurements with th 
conditions. 
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for the first few minutes but 
still nearly 0.03 in. of water 


50 


min. Previously, the draft 


decreased to 0.016 in. at the 
of a 4-hr off-period. In a com- 


ORAFT (INCHES WATER) 
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parable test with an outside tem- 
perature of 6F, similar results 
were obtained. The draft fell from 
0.065 in. to 0.04 in. in about 15 
min but was still above 0.03 in. one 
hr after the burner stopped. Fig. 
4(c) shows that the was 0.02 
in. of water after a 6-hr burner-off 
period at this outside temperature. 
The rate of draft decrease will de- 
pend on several variables; these re- 
sults are, therefore, specific to the 
installation tested. 


CONCLUSION 

An analysis has been made of draft 
failure with residential heatin 
units operating at low rates 
combustion during mild, caim 
weather. It has been shown that 
under these conditions the relation 
between chimney draft and house 
pressures becomes important in de- 
termining when venting failure 
will occur. A simple equation. ex- 
pressing this relation has been 
developed. It shows that draft 
failure will occur if the mean flue 
oa temperature in the chimney 

below a value that depends on 
the neutral zone level. 

Under the most unfavorable 
conditions, excluding the effect of 


Fig. 7 draft after 
burner shut-down with out- 
side temperature 27 F 
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wind, draft failure occurs when 
the mean flue in 
the chimney is than the mean 
house tem . Measurements 
have shown that this can occur 
with located at 
an exterior wall and to the 


weather on three sides, but it is 
unlikely when chimneys of similar 
construction have a substantial 
of their length located 
of chimney 
and house in a sin- 
-story house oil-fired 
have demonstrated that 
draft, either with the burner on or 
off, is increased by lowering the 
neutral zone and decreased by rais- 
ing it by an amount which corre- 
sponds to the change in house pres- 
sure at the furnace. ‘The effect of 
furnace operation on the level of 
the neutral zone has also been 
shown. M ts on a furnace 
with a high pressure oil burner 
have established that substantial 
increases in occur in the 
fire box during start-up and that 
positive pressures may exist for 
several seconds. 

Similar increases in pressure, 
of lesser magnitude, occur at the 
base of the chimney. The amount 
of positive pressure and the period 
over which draft failure occurs de- 
pends, to some extent, on the draft 
available prior to start-up. It 7 
pears, also, to depend on 
adjustment of the burner blower. 
Adjustment of the barometric 
damper affects the positive pres- 
sures developed, since it acts as a 
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relief opening. Draft recovery after 
burner start-up was quite rapid in 
the installation tested, even follow- 
ing long burner-off De- 
t of draft, following ini- 

tial loss on start-up, was per- 
aided by the burner blower. 

It would be interesting to 
measure the development of draft 
on start-up with units relying en- 
tirely on natural draft for combus- 
tion air supply, especially under 
conditions w no draft 
was available. 

The development of furnace 
units with instantaneous _firin 
rates modulated in accordance wi 
heat requirements, in contrast with 
on-off firing, has often been ad- 
vocated to improve heating sys- 
tem performance. It may be noted 
that draft failure, similar to that 
described in this paper, is a po- 
tential lem with such units, 
while it is largely avoided with 
on-off firing as commonly em- 
ployed. 
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ASHRAE 68th Annual Meeting, 1961 
DENVER, COLO. 


The program for the 68th Annual M held at the Denver Hilton Hotel, June 
26-28, included four Technical Sessions, Symposiums—lIndustrial Ventilation, 
Air Conditioning, Food Refrigeration and Domestic Refrigerator Engineering—and 
seven Forums. There were 15 papers at the Technical Sessions, the full 
upon them, are published in this 

ume. 

Total registration for the Denver M: exceeded 800 members and 

The Meeting was formally General Assembly and 
Session on Monday, June 26, at 9:00 a.m. by President R. H. Tul Ghe taped 
his appreciation to Meeting Arrangements Committee and the Program Com- 
mittee for their work. R. J. Walker, Co-Chairman of the Meeting Arrangements 
Committee, speaking on of Fred Janssen, Director of Region IX, extended 
a welcome to all in attendance. Executive Secretary R. C. Cross announced proposed 


support given by members to a resolution introduced by 


WHEREAS, the Board of Directors, in accordance with its duty under the By-laws 
to manage the affairs of the Society, has taken action to close 
4 af tho ond 


the 

WHEREAS, subsequent objection to this action by some members has created 
confusion which is handicapping the effective operation of the Research and 
Technical Committee in advancing the research program; and 

WHEREAS, we have confidence that the Board of Directors has acted and will 
continue to act in the best interests of the Society in a vigorous research 
program; 

NOW, THEREFORE, I move that the Society support the Board of Directors in 
these decisions. 


Following a discussion from the floor, the measure was put to a member vote. The 
motion was carried by floor and member vote 4694 for, 31 against; three invalid votes. 

yer that polls were open for 
the election of officers and members of the Board of Directors and for voting on 
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Pi amendments to the By-laws; these | he | upon by the membership at | 
; forthcoming Semiannual Meeting in St. Louis, January 29-February 1, 1962. 
Perhaps the most significant development at this Meeting was the a 
proposed the following resolution: 
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amendments to the By-laws (proposed at the Chicago Semiannual Meeting ). 

* The Welcome Luncheon took place at 12:30 p.m. on Monday, with President 
Tull presiding. Following the National Anthem, the invocation was delivered by the 
Rev. W. M. Spence, Pastor of the Lakewood Presbyterian Church. Serving as Master 
of Ceremonies, L. R. Bindner, President of the Rocky Mountain Chapter, introduced 
Mr. Janssen and General Chairman V. J. Johnson; both exten greetings and 
welcome. Mr. Bindner also introduced the Table, notable guests, Past Presidents 
of the Society and Chapter officers. 

R. A. Line, Chairman of the Program Committee, the at 
Technical Sessions and Sym 
acknowledged. Principal er at the Luncheon was Robert T. Person, President of 
the Public Service Company of Colorado, whose topic was Business Statesmaaship. 


g on the status of the Society, President Tull outlined briefly the various 
areas of progress during the preceding months. 
Several awards were presented by Mr. Tull. These included: 


ASHRAE Klixon Award to George V. Downing, Jr. for his , “Thermo- 
electric y November 1960 issue the ASHRAE Journat. 
S S t Division of Metals Controls . for the 
best paper published in the Journa., March through February, on a nhjen relating 
to electric motors or controls, the award consists of $150 and a certificate. . 

Wolverine-ASHRAE Diamond Key Award to Bruno P. Morabito for his y 
“How Higher Cooling Coil Differentials Effect System Economies”, pub! in 
the August 1960 issue of the JounnaL. Sponsored by the Wolverine Tube Division of 
Calumet and Hecla, Inc., a gold key a diamond inset is awarded to the author 
of the best paper published in the Journnat. 

ASHRAE Willis H. Carrier Award to Carl F. Speich, co-author of “Acoustical 
— Determine Oil Burner Pulsations and Their Amplitudes”, presented at the 

icago Semiannual Meeting and published in the November 1960 issue of the 

Journat. This award is sponsored by Carrier Corporation for the best paper presented 
at a National Meeting by an Associate Member under 30 years of age and consists of 
$250 plus a scroll. 

Mr. Bindner invited everyone to attend the various social functions and 
immediate purchase of tickets. President Tull indicated that election polls at 
2:00 p.m. and noted that numerous committee theetings were uled for that 


The Banquet was held on Tuesday evening, beginning at 7:30 p.m. President Tull 
assured the Rocky Mountain Chapter and Region IX of his appreciation of their 
hospitality. He requested that all Past Presidents and their wives stand and be 


were bestowed by President Tull. cates of Appreciation to retiring Chairmen 
of committees were given to: F. Y. Carter, Advertising Committee; A. Giannini, 
Research and Fund Raising Committee; F. H. Buzzard, A ions and Advancement 
Committee; F. H. Faust, Charter and By-laws Committee; P. B. Christensen, Guide 
and Data Book Committee; W. L. Holladay, Honors and Awards Committee; R. C. 
Jordan, International Relations Committee; P. J. Marschall, Meeting Arrangements 
; K. M. Newcum, Membership Development Committee; C. M. Ashley, 
Nominating Comniittee; C. M. Ashley, Professional Development Committee; R. A. 
Line, Program Committee; G. R. Munger, Publications Committee; E. P. Palmatier, 
Research and Technical Committee; P. W. Wyckoff, Standards Committee. 
Walter Heywood and Donald Angus, retiring members of the Board of 
Directors, also received Certificates of Appreciation from President Tull. 


recognized. 
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Fellow Certificates were presented to: Warren S. Harris, Charles O. — 
uve. 


The ASHAE Homer Addams Award for 1960 was presented to Alan B. Wagner 
of the Case Institute of Technology. This award is by the Addams Memorial 


Fund to be given to a uate student on an AS research . The Com- 


of $600 and a certificate. 

ASHRAE’s highest honor, the F. Paul Anderson Award for outstanding work or 
service in heating, ventilating, air conditioning or refrigeration was given to J. Donald 
Kroeker. Sponsored by the Society, this award is in the form of a gold 

Master of Ceremonies John Reed introduced Past President’John E. Haines who 

installed the following: Regional Directors—Burt Lomax, Jr., Region VII; 
P. K. Barker, Region I; J. H. Ross, Region Il; E. K. Wagner, Region III. Directors-at- 
Large—P. R. Achenbach, W. B. Morrison, N. B. Hutcheon and P. W. Wyckoff. 
Treasurer—John E. Dube. Second Vice President—Frank H. Faust. First Vice 
President—John H. Fox. President—John Everetts, Jr. 

Following his induction, President Everetts presented a Past President's Pin and 
«framed certiate to outgoing President Tul, He alo gave im «gift, at well as one 
to Mrs. Tull. 

President Everetts outlined the program for the Society during his term. A Dance 
followed the Banquet. 

As is at National Meetings, many committees held scheduled meetings 
during the course of the gathering. 

There were various social and special events, also. Among these were technical 
tours of the Cryogenics Laboratory in Boulder and the United Airlines Flight Training 
Center in Denver. ' 

The First Technical Session was convened at 9:30 a.m. on Monday, June 26. 
Professor W. E. Fontaine was Chairman at this session where four papers were 


presented. 
The Industrial Ventilation Symposium was held at the same time. With 
Robert Jorgensen as Chairman, four speakers pated in this meeting on 


Laboratory Hood Design. In accordance with established practice, Symposium papers 
are not published in Transactions. Bulletins presently are not planned for any 
Symposium papers. A condensed version of this Symposium appears in the September 
issue of pages 47-50. 

Window Units or Central Systems? W. R. Moll was Chairman and there were two 
speakers. 

There was a total of seven Forums. Three were held on Monday afternoon 
starting at 2:30. The remaining ones took place on Tuesday—one at 9:30 a.m. and 
three at 2:00 p.m. R. S. Buchanan was Chairman. 

The Food Refrigeration Symposium was called to order at 9:00 a.m. on Tuesday. 
A. L. Brody was and the subject was Use of Liquefied Gases for Low- 
Temperature Food Handling. Six pa were presented here together with two 
commentaries. Condensed versions of several epee ‘at this Symposium 
appear in the September issue of the JouRNAL, pages 7 

The Second Technical Session was convened at 9:30 a.m. by Chairman C. W. 
Pollock. Results of the election were reported by Executive Secretary Cross. The re- 
sults are as follows: 


mi : ti ea ists 
7 
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Total Valid Votes: 4671 
Votes received 
By-laws Amendments 
Proposal For Against 
1 4571 100 
2 4595 76 
3 4635 36 
4 4645 26 
5 4642 29 
6 4621 50 
4635 36 
4671 Valid Votes 6 Invalid Votes TOTAL 4677 
Loud 
Boggs, III 
Inspectors 
Fo this announcement, four ere presented, as 


scheduled. 

G. F. Carlson was Chairman o the Third Technical Session, held on Wednesday 
morning at 9:30. Four papers were given. 

Concurrent, the Domestic Engineering with E. J. Von 
Arb as Chairman, considered the topic Qu A Keynoter and three 
speakers participated in this session. Two papers from Shs Symposium were published 
in the Journat (Mahaffay, October; Kaplan, November). 

e Fourth Technical Session was ace at the same time. ).incoln Bouillon was 


Chairman and three speakers amgmeanaged 
The 68th Annual Meeting was Bp ured by President Everetts following the 
General Assembly and Business Session, at noon on Thursday. 


PROGRAM-—68th ANNUAL MEETING 
Denver Hilton Hotel, Denver, Colo. 
June 26-28, 1961 


Saturday, June 24 


a.m. Advertising Committee breakfast-meeting. 
a.m. Finance Committee. 

m. Executive Committee luncheon-meeting. 

.m. Standards Committee. 

.m. Regions Central Committee dinner-meeting. 


Sunday, June 25 
9:30 a.m. Program Committee. 


| 

8:00 ; 

9:30 

12:30 
2:00 

4:00 


12:30 p.m. Board of Directors luncheon-dinner meeting. 
2:00 p.m. International Relations Committee. 


7:30am. § ’ Breakfasts: 
irst Technical Session. 
Industrial Ventilation Symposium. 
Air Conditioning Symposium. 
Forum Moderators. 
Contaminants Panel breakfast-meeting. 
8:00 a.m. Public Relations Committee breakfast-meeting. 
8:30 a.m. REGISTRATION. 
9:00 a.m. GENERAL AssEMBLy and Business SEssION. 
Opening of the 68th Annual Meeting of the Society. 
Remarks by President R. H. Tull. 
Address of Welcome by Fred Janssen, Director, Region IX. 
Announcement of Proposed By-laws Amendments by R. C. Cross, 
Executive Secretary. 
New Business. 
Polls Open for Election of Officers and Vote on By-laws Amendments. 
9:30 a.m. Fimst TECHNICAL SEssION. 
, Prof. W. E. Fontaine, School of Mech. Engrg., Dir. for 
Ray W. Herrick Labs., Purdue Univ. 
New elopment in Steam Vacuum Refrigeration—Elliot Spencer, 
Sales Appln. Engr., Graham 
10:15 am. A Thermod ic Investigation of a Refrigerant En 
T. M. Olcott, Sr. Propulsion Engr., Convair, and Brot, ‘A. Blam, 
Dept. Mech. Engrg., Southern Methodist Univ. 
11:00 a.m. _A Discussion of Some Strength Characteristics of Ice at the Interface— 
Profs. J. K. Stene, and W. E. Fontaine, School of Mech. Engrg., 
Purdue Univ. 
11:45 a.m. Heat and Mass Transfer in Dehumidifying Surface Coils—Prof. 
Wm. L. Bryan, Dept. of Mech. Engrg., Case Inst. of Technology. 
9:30 a.m. INDUSTRIAL VENTILATION SYMPOSIUM. 
LasoraTory Hoop Desicn. 
Basic Requirements of Laboratory J. C. Burke, Jr., Head of 
Mech. Engrg., Tracy-Behrent. 
Design of Hoods—E. J. Williams, Supervisor—Mech. Engrg., Abbott 
Laboratories. 
of the Use of Fume Hoods— G. T. Saunders, Mgr., Scientific 
so. Div., and L. N. Nelson, Head, Engrg. Dept., Kewaunee 
Mfg. Co. 


Materials and Construction—T. B. Lanahan, Chief Engr., S. Blick- 
man, Inc. 
9:30 a.m. Am Conprrioninc SyMPosIUM. 
Winpvow Unrrts orn CENTRAL SysTEMs? 
Chairman, W. R. Moll, Sales Mgr., Air-Cond. and Dehumidifier 


Sales-to-Sears, Whirlpool Corp. 
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: 10:00 a.m. Research and Technical Committee. 
Meetings Arrangements Committee. 
Membership Development Committee. 
i “Western Hospitality” Reception. 
Monday, June 26 


12:30 p.m. 


ss 
BB 


7:30 a.m. 
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History, Development and Future of Air Conditioning—Frank J. 
Versagi, Editor, Air Conditioning, Heating & Refrigeration News ; 
Comfort with a Residential System—Kenneth , Chief Applica- 
tion Engr., Lennox Industries, Inc. 
WELCOME LUNCHEON. 

Awards. 

Announcements. 

Ss : Robert T. Person, President, Public Service Co. of Colorado. 
Polls Close for Election of Officers and Vote on By-laws Amendments. 
Forums. 

Chairman, R. S. Buchanan, Asst. Dir. of Appliance Engrg. and Res., 

American Motors 
1. Tunnels vs. B of Heating, Air-Conditioning and Utility Lines. 
Moderator: P. F. Cummings, Arch. and Engrg. Div., Minnesota 
State Dept. of Administration. 
2. Introducing and Controlling H in Heated Living Spaces. 
Moderator: A. G. Wilson, Head, Bldg. Services Section, Div. of 
Bldg. Research, National Research Council of Canada. 
3. ASHRAE Research Status. 
Moderator: E. P. Palmatier, Carrier Res. and Dev. Co. 
Exposition Committee. 
Honors and Awards Committee. 
Publications Committee. 
Research Exhibit Committee. 
RAC on System Analysis. 


WESTERN Party. 


Tuesday, June 27 


Speakers’ Breakfasts: 
‘ood Refrigeration Symposium. 
Second Technical Session. 
Forum Moderators. 
REGISTRATION. 
Foop REFRIGERATION SYMPOSIUM. 
Use or Ligueriep Gases ror Low- TEMPERATURE Foop HANDLING. 

Chairman, Dr. A. L. Brody, Prod. Dev. Mgr., M & M Candies. 

The Role of Liquefied Gases in the Frozen Food Field—Prof. Kirby 
Hayes, Dept. of Food Technology, Univ. of Massachusetts. 

Relative Merits of Various Gas Liquefying Cycles for Use in Freezing 
and Transportation of Foods—Prof. S. C. Collins, Dept. of Mech. 
Engrg., Mass. Inst. of Technology. 

Effects of Ultra-Low Temperature on Foods—Dr. W. A. Maclinn, 
Dir., The Refrigeration Research Foundation. 

Commentary: V. J. Johnson, Chief, Cryogenic Data Center, National 
oods uid Refrig 

Multi-Stop Delivery of Frozen Fi Using Nitrogen - 
Dept., Linde Div., Union Carbide Corp. 

Use of Liquefied Gases for Freezing and a of Foods—R. C. 
Webster, Mgr., Customer Service Lab., Air Reduction Sales Co. 


., General 


Car and Truck Precooling and Post Cooling with woe ag 2 P. Antolak, 
Dir., Carbon Dioxide Tech: Sales, Liquid Carbonic Div., 


Dynamics Corp. 


3 

2: 

2: 

H 

Ne 

2:30 p.m. 

4:00 p.m. 

8:30 p.m. 

8:30 a.m. = 

9:00 a.m. =i 


9:30 a.m. 


10:15 a.m. 


11:00 a.m. 


11:45 a.m. 


7:30 a.m. 


ASHRAE TRANSACTIONS 


: Prof. I. J. Pflug, Dept. of Food Science, Michigan 
State Univ 
TC-1.11, Insulation and Vapor Barriers. 


Forum. 
4. Industrial Heat Recovery. 
Moderator: J. H. Clarke, Visking Company. 
SEcOND TECHNICAL SESSION. 


Chairman, C. W. Pollock, Mgr., Air Conditioning and Refrign. Div., 


Election by Executive Secretary Cross. 

A Study of Fluid Flow through Flexible Orifices—Prof. R. D. Ulrich, 
Mech. Engrg. Dept., Brigham Young University, Profs. W. E. 
and O. Witzell, by Mech. cols Wh 
Degradation of Polyester F Alcoho: Used as A 
Refrigeration Systems—C. J Chemist, General 
a of 11, 21, and 22 in Solvents Contain- 

trogen Atom and in Mixtures Thieme, 
Pe Lt, US Army, Cmlc Nuclear Defense Lab. Army Chem. Center, 
and Prof. L. F. F. Albright, Dep. of Chem. Engrs.» Purdue Univ. 
Refrigerating Ca) and Performance Data for Various Refrigerants, 
Mixtures—R. C. McHarness, Div. Head, and D. D. 
Chapman, Engr., Freon Products Lab., E. I. du Pont de Nemours and 
Co. 


TEcHNICAL Tour or Crrocenics LABORATORY. 


Bureau of Standards, Boulder. 
TecunicaL Tour or UNrrep Amines Fiicut CENTER AND 


Executive Brierinc Room. 


Denver. 
RP on Refrign. and Food Technology. 
Forums. 
5. In of Lighting and Air Conditioning. 


M tor: Walter Spiegel, Charles S. id, Inc. 
6. Internal Motor Protectors for Hermetic geration Compressors. 
Moderator: J. E. Kumler, Ranco, Inc. 
7. Problems of High Altitude Installations. 
Moderator: D. D. Paxton, Bridgers and Paxton. 
Education Committee. 
Regional Directors Conference. 
TC-1.5, Meteorology and Weather Data. 
TC-6.4, Industrial Environment. 
TC-7.2, Domestic Refrigerator and Unit Freezer. 
RAC on Environment. 
RP on Physiological Res. and Human Comfort. 
CocxTam Party. 
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| 12:45 p.m. 

1:30 p.m. 

| 1:30 p.m. 

2:00 p.m. 
E 2:00 p.m. 
3:00 p.m. 
6:30 p.m. 
q 7:30 p.m. BANQUET. 
Installation of Officers. 
Awards and Presentations. 
Entertainment and Dancing. 

Wednesday, June 28 
Gentes. 


8:30 a.m. 
8:30 a.m. 


9:30 a.m. 


10:15 a.m. 


11:00 a.m. 
11:45 a.m. 


9:30 a.m. 


9:30 a.m. 


10:15 a.m. 
11:00 a.m. 
12:00 noon 


1:00 p.m. 
to 
8:00 p.m. 


9:00 a.m. 
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TECHNICAL SESSION. 


Chairman, G. F. Carlson, Chief Engr., Specialty Div., Bell and Gossett 


Co. 

Solar Heat Gains through Domed Skylights—L. F. Schutrum, Re- 
search Supvr., ASHRAE Research Lab., and Necati Ozisik, Oak 
Ridge Natl. Lab. Presented by C. M. Humphreys. 

Air Infiltration through Revolving Doors— L. F. Schutrum, Research, 
Supvr., C. M. Humphreys, Asst. Dir. of Res., and J. T. Baker, Res. 
Engr., ASHRAE Lab., and Necati Ozisik, Oak Ridge Natl. Lab. 
Presented by C. M. Humphreys. 

An Evaluation Procedure for Odor-Control Methods—Wm. F. Kerka, 
Research Engr., ASHRAE Research Lab. Presented by A. T. 
Boggs, III. 

ly Insolation on Surfaces Tilted Toward the 
B. Y. H. Liu and Dr. R. C. Jordan, Head, Dept. of Mech Engrg., 
Univ. of Minnesota. 

Domestic REFRIGERATOR ENGINEERING SYMPOSIUM. 
Qua.iry ConTROL. 

Chairman, E. J. Von Arb, Vice Pres., Dir. of Engrg., Revco, Inc. 
Keynoter: Morris Kaplan, Tech. Director, Consumers Union. 

Total Quality Control—Wm. J. Masser, Mgr. of Quality Control 
Oude Service, General Electric Co. 


FourTH TECHNICAL SESSION. 


structor, Dept. Mech. Engrg., Tennessee ig “ge Inst., and E. J. 


Brown, Res. Asst. and Prof. of Mech. Engrg., 

A Unique Hot-Box Cold-Room Facility—W. P. Brown, K. R. Solvason, 
and A. G. Wilson, Head, Bldg. Services Section, Div. of Bldg. Re- 
search, National Research Council of Canada. 

Integrated Load Technique for Estimating Annual Energy Use of 
Central Air-Conditioning Plants—A. E. Con Head, Air Cond. 
and Res. Section, Power Generation Bur. of Yards and 
Docks, Dept. of the US Navy. 

GENERAL ASSEMBLY and Business SESSION. 

Adjournment of 68th Annual Meeting of the Society. 

MounTAIN Tour AND WacoN. 


Thursday, June 29 
Board of Directors Meeting. 


Fourth Technical Session. is 
REGISTRATION. 
General Administrative and Coordinating Committee. 3 
Technical Coordinating Committee. a 
is 
APP iance Operations, Philco Corp. 
Relationship of Cost Reduction vs. Quality—Wm. E. Mahaffay, Vice ae 
Pres. of Engrg., Whirlpool Corp. a 
Chairman, Lincoln Bouillon, Bouillon, Griffith, Christofferson and ee 
Calculated Temperature Rise in Round Ducts—J. R. Wright, In- Be 
Nee 
ibs, 
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No. 1751 


New Development 
in Steam Vacuum Refrigeration 


ELLIOT SPENCER 
Associate ASHRAE 


Steam vacuum refrigeration was 
first investigated some time prior 
to 1901 by LeBlanc and Parsons, 
and was applied quite limitedly at 
that time. Limitations of early 
ejector design and the primitive 
nature of pumps and controls, how- 
ever, prevented its widespread use. 

Despite these shortcomings, 
steam vacuum refrigeration sys- 
tems were applied successfully dur- 
ing the early stages of our indus- 
try, and some of these systems are 
still in ation after 20 or 30 
years of reliable service. During 
the past 25 years, improvements in 
accessory design and ejector effi- 
ciency have resulted in the appli- 
cation of these systems in increas- 
ing numbers for industrial and com- 
mercial water chilling require- 
ments. 

Typical installations of this 
system include both comfort air 
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conditioning and process water 
cooling. 

Regardless of the many known 
advantages of the conventional 
steam vacuum refrigeration cycle, 
which include reliability (there are 
no moving parts), low maintenance, 
the use of water exclusively as a 
refrigerant and the ability to use 
either high or low pressure steam, 
it was not applied as extensively to 
comfort air conditioning as other 
systems, such as centrifugal refrig- 
eration and lithium bromide a 
sorption. The explanation of this 
situation lies in the basic charac- 
teristics of steam vacuum refrigera- 
tion. 
Simply stated, as the available 
condenser water tem ture rises, 
both the steam rate (Ib of steam per 
hr per ton of refrigeration) and the 
condenser water rate (gpm ton 
of refrigeration) increase. This 
means that unless large quantities 
of condenser water are available at 
low cost, as from a river or other 


339 


P 

at — 

ty 

ae Elliot Spencer is Design Engineer with the a 

ce Graham Mfg. Co. This paper was prepared 

see for presentation at the ASHRAE 68th Annual * 

= 


340 

large body of water, or unless wa- 
ter is available at a low tempera- 
ture, as from a well, cooling water 
requirements will substantially ex- 
ceed that of the other refrigeration 
systems. When water from a cool- 


refrigeration will have an indicated 
full load steam rate and water rate 
which is somewhat higher than 
either centrifugal refrigeration or 
lithium bromide absorption. 

Typical conditions are tabu- 
lated herewith. Thus, when river 
or sea water is available, or some 
other source of cool water, steam 
vacuum refrigeration systems are 
equal, or superior, to r systems 
insofar as steam and water con- 

ion are concerned. First cost 
lower. When 85 F cooling 
tower water is used for comfort air 
conditioning, chilled water tem- 
peratures of 45 to 50 F, steam vac- 
uum refrigeration is usually ruled 
out. At higher chilled water tem- 
peratures, steam vacuum refrigera- 
tion will be more competitive from 
a utility t. This can be 
understood better by reference to 
the performance characteristics of 
steam vacuum refrigeration systems 
which are tabulated and illustrated 
- graphically herein (Fig. 5). (See 
Note 1.) 

Obviously, any modification of 
the steam vacuum refrigeration 
cycle, which reduces its steam con- 
sumption and eliminates 
for condensing water in | 
tities, will po dove affect the feasi- 
bility and usefulness of steam vac- 
uum refrigeration for comfort air 
conditioning applications. 


It is this modification which 
concerns us. By the simple expe- 
dient of replacing the water-cooled 
condenser of conventional steam 


| 
cy ~ 
| 
ing tower is used at conven- 
i 
tional 85F level, steam vacuum 
|) 
Steam - vacuum refrigeration 
system with barometric-type 


vacuum refrigeration with a wetted 
air-cooled surface condenser, steam 
consumption is reduced and water 
requirements are lowered to frac- 
tional levels. Large condenser wa- 
ter recirculating pumps are, of 
course, completely eliminated. 

To more readily 
how this is accomplished, it would 
be well to review a standard steam 
vacuum refrigeration cycle and to 
analyze some characteristic per- 
formance curves. Briefly, the con- 


ventional cycle is as follows: Fig. 1 
shows how the warm water to be 
chilled is admitted to the flash tank 
(1) at the connection (2) through 
which it flows to the distributors 
(3). The vacuum on the flash tank 
is produced by the booster steam 
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ejector (4) that draws off all flashed 
to the main condenser (5). Chilled 
water temperature is determined 
by the vacuum maintained in the 
flash tank by the booster ejector. 
A vacuum of 7.63 mm is equivalent 
to 45F, a vacuum of 9.2 mm is 
equivalent to 50F. Propelling 
steam, either high or low pressure 
(for example as low as 2 psig), is 
admitted to the booster at connec- 
tion (6). A higher absolute 
(as compared to the flash tank vac- 
uum) is in the main 
condenser two stage ejector 
with its This 
ejector may be operated at steam 
of 35 psig or higher. 
her steam pressures are pre- 


; 
i 

Completed assembly for shipment ‘ 
| 

| 


denser systems. 

In a barometric condenser, 
steam is condensed by direct con- 
tact with water. This means that 
the condensing tem can 
economically within 5 F 
of the leaving condenser water 

. In surface condensers, 
however, the minimum economical 
approach is 10 to 15 F. In a surface 
condenser we have the added heat 
transfer resistance ht about 


by the ibility of fouling the 
yer 

there are no heat exchange sur- 
faces, and therefore fouling is no 
Maintenance is corre- 
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| 
Steam-vacuum system with surface-type condenser 
, ferred, but when only low pressure condenser systems operate at lower 
steam is available this ejector sys- condensing temperatures and show 
tem may be replaced by a mechani- commana better steam and 
cal vacuum _e water rates than do surface con- 
; flashing of these vapors falls to the 
bottom of the flash tank and is re- | 
moved by a hotwell type centrifu- 
pump (8). The cooling water 
| ee circulation to the main con- 
denser is admitted at Point (9), as 
. indicated. The level in the flash 
level controller (10. From the foe 
. level controller (10). From the 
tem is extremely simple; that there 
In Fig. (1A), the ace con- 
denser (5) has been replaced with 
| a barometric condenser. Barometric 
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gly reduced. Barometric 
systems will not fall off in capacity 
or increase their steam consump- 
tion with time due to the fouling 
of the condenser tubes, as will any 
surface condenser system. This ap- 
plies to absorption as well as cen- 
trifugal refrigeration systems using 
tubular heat exchange surfaces. 
Steam vacuum refrigeration 
systems using barometric condens- 
ers are not usually applied to com- 
fort air conditioning systems, be- 
cause of space litnitations and the 
requirement for a 34’ barometric 
leg. It is probable that in many 
cases additional investigation on 
the part of the design engineer of 
such systems would indicate the 
possibility of installing barometric 
densers, in view of their advan- 
tageous characteristics. In some 
cases barometric condensers have 
been installed within a building. 
However, it can be stated that 
in the majority of cases comfort air 
conditioning systems cannot use 
barometric condensers, and, there- 
fore, under most circumstances this 
specific steam vacuum refrigeration 
cycle is not used. 


For comparison , we 


purposes. 
will examine the characteristics of 
the system in Fig. 1 under full load 
design conditions shown in the dia- 
gram. These conditions are given 
in Table I. 


Table | 
Chilled Water Temperature ..... 45 F 
Condenser Water Temperature 85 F 
Wetbulb Temperature .......... 78 F 
Drybulb Temperature .......... 95 F 
100 
Condenser Water Range ...:... 10 


Such a “te mp would use (at 
full load) 25 Ib/hr of steam per ton 
of refrigeration and 6.6 gal/min of 
water per ton of ee For 
this condition the condensing tem- 
perature would be 103 F. 

Steam consumption and water 

uirements are given at full load 
at the design wetbulb condi- 
tion. The presumption is that wa- 
ter is coming from a cooling tower 
at 85 F at the design wetbulb con- 
dition. As the wetbulb drops, the 
water which comes from the cool- 
ing tower will be cooler and the 
steam consumption of the steam 
vacuum refrigeration system will 
be reduced. 
characteristics for 
lithium bromide absorption and 
steam driven centrifugals under 


full load design conditions would 
be similar to shown in Table 
II below. 


In order to are with other 
steam-operated refrigeration sys- 
tems, steam vacuum refrigeration 
steam and water rates must be re- 


duced. 


Table 

Steam Driven 

Lithium Bromide Centrifugal 

Absorption Refrigeration 

Steam 19.6 pph/TR. 16 pph/T.R. 

Condenser Water .................. 3.54 gpm/T.R. 3 gpm/T.R. 

Condenser Water Rise .............. 20 F 

Return Condenser Water Temp. ..... 101 F 105 F 3 


m= 
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with an air cooled wetted surface 
condenser. 

Fig. 1B illustrates the revised 
steam vacuum refrigeration cycle 
which replaces the cooling tower 
and condenser of the conventional 
cycle with an air-cooled wetted 
surfate condenser. In this system, 
the warm water to be chilled is 
admitted to the flash tank (1) at the 
connection (2) through which it 
flows to the distributors (3). The 
vacuum in the flash tank is pro- 


Fig. 1B Two-booster modified steam vacuum refrig- 
eration unit with air-cooled wetted surface condenser 


ton of refrigeration. This can be 
by replacing Items 
12, 11, and 5, of Fig. 1 cooling 
tower, condenser water pump, 
surface condenser, respectively) 
é 
| 
L/ 
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duced by the booster steam 

(4) that draws off all flashed vapor 
and discharges this vapor to the 
inside of the tubes of the wetted 
surface air-cooled condenser (5). 
Propelling steam, either high or 
low ure, is admitted to the 
booster at connection (6). A higher 
absolute pressure, as compared to 
the flash tank pressure, is main- 
tained in the wetted surface air- 
cooled condenser by the two stage 
ejector with its inter and aftercon- 
denser. The vapor from booster 
ejector (4) which enters the wetted 
surface air-cooled condenser (5) is 
condensed within the tubes and is 
collected by headers and carried 
into a hotwell. Here a condensate 
pump picks up the condensed 
vapor and di es it to the basin 
(7). Water from the basin (7) is 
recirculated and sprayed over the 
outside of the condenser coils by 
pump (8). Air is caused to be drawn 
over the coils by the condenser fan 
(9). The recirculated water is thus 
cooled and, in turn, acts to cool 
the outside of the condenser tubes 


(10), condensing the s inside 
the tubes. A portion of the recir- 
culated water is bypassed to the 
surface inter and condensers 
of the two stage air ejector system 
(11), wherein it is to condense 


the motive steam and saturation 
vapors. 

Vapors condensed in the inter- 
condenser are piped to the suction 
of the main condensate’ pump. 
vapors condensed in the aftercon- 
denser are drained to the basin. As 
can be seen by reference to the 
cycle shown in Fig. 1B, we have 
replaced the cooling tower and 


cooling tower pumps of Figs. 1 and 
1A with the wetted shine con- 
denser. By eliminating the tem- 
perature split between the cooling 
tower and the main condenser, we 
are able to make a closer approach 
to the prevailing atmospheric con- 
ditions, thus reducing the condens- 
ing temperature and consequently 
the steam consumption of the sys- 
tem. Reference to the characteris- 
tic curve of steam vacuum refrig- 
eration systems, Fig. 2 indicates 
that any additional reduction of 
condensing temperature will result. 
in a further saving in steam. Re- 
duced condensing temperatures will 
result when outside climatic con- 
ditions are below design levels 
(even when full load is on the sys- 
tem), and also whenever reduced 
loads occur. 
Average load requirements for 
air conditioning require- 
ments were given in a paper de- 
livered during the Lake Placid 
1959 Meeting of ASHRAE by 
W. G. Dorsey, Jr., and, for the pur- 
poses of this paper, will be used 
for comparison. Author Dorsey in- 
dicated that full load tion 
occurs only 20% of the time, 75% 
load 30% of the time, 50% load 40% 
of the time, and 25% load 10% of 
the time. For year round systems, 
load requirements are often below 
25% a large portion of the time. 
Further, during these periods, utili- 
ties selling steam often raise their 
price. Obviously, part load steam 
consumption is a major factor in 
determining the economic charac- 
teristics of any refrigeration sys- 
tem. To take the total number of 
hours of operation at each percent- 
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Performance charts for steam-vacuum refrig- 
eration systems vs. wet bulb temperatures 
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age load and add them to obtain 
equivalent full load hours of opera- 
tion is inaccurate. Since steam 
vacuum refrigeration, centrifugal 
steam-driven refrigeration and lith- 
ium bromide absorption at 
varying efficiency at part load lev- 
els, careful evaluation of loads and 
outside climate conditions and their 
relationships to the loads should 
be made in any complete analysis. 
The modified steam vacuum refrig- 
eration cycle has performance char- 
acteristics which are comparable to 
that of steam driven centrifugal 
systems at full load and at partial 
loads. This system uires less 
steam than lithium bromide sys- 
tems, and has eliminated the need 
for an external cooling water source. 
The effect of steam pressure 

on any steam vacuum refrigeration 
ba can be seen by reference to 
e curve of Fig. 3. Steam con- 
sumption increases as steam pres- 
sure is decreased. Regardless of 
this situation, by use of the wetted 
surface air-cooled condenser, steam 
vacuum refrigeration can now be 
designed to have maximum full 
load steam consumptions of 20 
lb/hr per ton of refrigeration, even 
with steam available at 15 psig. 
This is equal to, or better than, the 
steam consumptions to be expected 
from absorption or steam driven 
centrifugal systems. At reduced 
loads, of course, steam consump- 
tion will be reduced as indicated 
earlier. Steam vacuum refrigera- 
tion systems designed for lower 
pressure steam with wetted surface 
air-cooled condensers, will be 
somewhat more expensive than 
systems designed for higher pres- 


sure steam and will use more steam. 
The use of the modified steam vac- 
uum refrigeration cycle will be 
adversely affected by reduced steam 
pressure. 

All steam vacuum refrigeration 
systems respond to increased chilled 
water temperature with improved 
efficiency and the modified cycle is 
no exception. Higher chilled water 
temperature means not only re- 
duced steam consumption at all 
load conditions, but also reduced 
first cost due to decreases in equip- 
ment size. At higher chilled water 
temperatures, the modified system 
becomes smaller and lighter in 
weight. ’ 

Ry. 5 shows how chilled water 
temperature affects steam con- 
sumption (see Notes 1 and 6). Since 
chilled water tem affects 
steam consumption and equipment 
size, it is sometimes worthwhile to 
consider a two stage flash system 
when the chilled water tempera- 
ture rise is higher than the conven- 
tional 10F, example 20F as 
used on high rise coils. In such 
systems the returning chilled water 
is first cooled from say 65 to 55F 
in one flash chamber, and then 
from 55 to 45 F in the second flash 
chamber. A tely half of 
the refrigeration load is chilled at 
the 55 F level. Reference to Fig. 5 
indicates that the lb of steam 
per hour per ton of refrigeration 

uired for this portion of the load 
is less than that required for that 

rtion of the load done at the 45 F 
evel. The overall steam consum 
tion will be lower than if all of 
work were done at the final flash 


temperature of 45F. Generally 
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Table |I_—Comparison Chart of Various Steam Powered Refrigeration Systems 


—78-W.B. (see Note 6) 


Vacuum R Absorption Refi. Rei 
External cond. No external cooling 3.5 to 4 
water required 


water—gpm 
Cond. water ——— 16 F 20 F 
temp. rise 


Effect of reduc- 5 F drop produces 10% No steam savi wo Vacuum on steam cond. 
tion in cond. reduction in steam flow. in cond. met increases, increasing 
temp. below ances machine. Cond. efficiency of turbine. 
design conds. tome. is held constant. Max effect approx. 7%/,. 
solution control At low cond. temp. 

steam need is reduced operational difficulties 


Steam Equiv. Steam Full Equiv.Steam % Full Equiv.Steam % Full 
Consumption Rate Load Rate Load Steam Rate Load Steam 
Full Load 16Ib/hr/T.R. 100 19.5 Ib/hr/T.R. 100 16lb/hr/T.R. 100* 
75 14 65.7 20.8 80 14.45 68 

12 37.6 23.4 60 13.75 43 

10 15.60 343 a4 19.2 50 


(without solution con- 
trol) 


(Figures given are at re- Equiv.Steam % Full * For units having larger 
duced wetbulb at part Rate Load-Steam capacities, rates as low 
load conditions. See 19.5lb/hr/T.R. 100 as 13 Ib/T.R. are pos- 


Note 6.) 18.5 80 sible 
17.7 60 
17.4 40 
16.8 10 
(with solution control) 

Cond. Water 2-hp recirculating spray 40 20 

Pump hp pump on evaporative 
condenser. 

Auxiliary hp 8! approx. | lb/hr of 10 5/6 (intermittent for 
steam will be used for rge unit) approx. 0.75 
each T.R. capacity for lb/hr of steam will be 
secondary ejectors. used for each T.R. for 

ejector on steam cond. 
Tower 20 (Fan 20 15 

or . Steam 

Vac. Fan hp 

Water Make-up 33 (includes blow- 90 gpm 66 

gpm 4 yA (includes blowdown) (includes 

Licensed engi- No (see Note A). No Yes 

neer required 

local code 


Maintenance Maint. fans and pumps. Clean cond. and ab- Maintain cooling tower 
Required sorber. Maint. fans on fan, cond. water pumps, 
tower & cond. water centrifugal compressor 
pump. Special treat- and steam turbine. 
ment to protect against 
corrosion during winter. 


oa at part load. (See be- result. 
| 


New DEVELOPMENT IN STEAM VACUUM REFRIGERATION BY SPENCER 351 
Table Ili — Continued 


Space Required 
Weight 


Noise & Vibra- 
tion 


Enclosed en- 
gine room 
usually re- 
quired 
Cond. water re- 
quired 


Cost % of pip- 
ing externa 
tower or Aqua- 
mizer 


Cond. water 
pump required 
Relative Cost 


Cooling tower 
required 


Relative Cost 
Refrigerant 
Control 


Relative in- 


Modified Steam 
Vacuum Refrig. 
Entire system uses ap- Approx. 
prox. same area as cool- 
ing tower for conven- 
tional systems. Entire 
unit installed outdoors. 
Total system weight is 
greater than cooling 
tower alone but less than 
total weight of conven- 
tional systems & tower. 


Low 


No 


No erry for Evap. 


(See Note B) 


stalled first cost doors 


includ. cooling 
tower, steam 
piping, cond. 
water pumps 
cond. 


both absorption steam no engi 
steam is used. For wy vacuum refrigeration pe Lp — steam is 
Engineer may or may not when steam 


pressure boiler is maintained on premises, 
Note B: No external cooling water piping is required but 
source and systems would normally 


piping to unit must be considered. 


be required, but 


Lithium Bromide 
Absorption Refri. 
Approx. 10%, more cool- 
ing tower area than 
steam driven centri- tower 


fu indoor 
x 8 ft high. 
Tower 10%, 


centrifu 


System a 
about lighter than 


Low 


Yes 


100 plus 10%. Tower on 
roof. Refrig. unit in 
basement. 100%. Tower 
on roof. Refrig. unit on 
roof in engine room. 
(Cost of 


room 


lied by 
not 
unit 
be located in basement, added cost 


when 


Steam-Driven 
Centrifugal Refrig. 
Agere, fom 
absorption 


Tower 10% 
about then 
absorption. 


Low 


Yes 


frig. unit in ana 
95. 
roof. 


doors. (Cost of 
doers (Con of angi 


local utility and no high 
a requirement. 
is remote 


- - 
Yes (plus make-up for Yes (plus make-up for ae 
tower) tower 
100%, plus 100%, : 
No (small pump includ- : 
ed in system cost) Yes Yes 
100 plus 100 
Ne Yes Yes 
0 100 plus 100 Z 
Water Water (Lithium Bromide Refrigerant : 
Absorbant) 
Automatic 0-100%, Automatic 0-100% Automatic start-up 
manual : 
Entire unit on roof-out- 100. Tower on roof. Re- 
water piping. 
Starters on all : 
motors included 
: v: but _usuall uire Licensed Engineer for halocarbon systems. For > 
low pressure FS 
used, Licensed 


speaking, the response of steam 
vacuum refrigeration systems to 
higher chilled water temperatures 
is greater, i y, than 
the response of either absorption 
or centrifugal refrigeration sys- 
tems. 

Steam vacuum refrigeration 
systems may be hand-controlled, 
partially automatic, or fully auto- 
matic. The simplest way to regu- 
late the capacity of steam vacuum 
refrigeration systems is to install 
several agp in parallel and 

rate only as many ejectors as 
uired to the heat 
roa simple automatic on-off 
type of control is used for this pur- 
pose. By sensing the chilled water 
temperature out of the flash tank, 
the controller can turn the steam 
on or off to each ejector in con- 
secutive order to vary the refrigera- 
tion capacity of the system. 

When multiple boosters are 
used, the flash tank is divided into 
compartments (see Note 2); each 
com ting in conjunc- 
tion with its own booster. As the 
load changes, either in the nature 
of an increase or a decrease, a 
booster will be turned on or off 
and the water valve of that com- 
partment will be ed or closed 
to synchronize with the corre- 
sponding steam valve. This may 
be done either through the use of 
automatic controls or by hand. 
Each com ent is portioned off 
by a double baffle that extends to 
within about 12 in. of the bottom 
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When a booster is shut off, the 
com: it services is then 
subject to a rise in e which 
causes the water level to depress, 
whereas the water level rises in the 
compartments that are under the 
higher vacuum of the operative 
booster. The flash tank is suffi- 
ciently deep to allow for these 
variations in the water level and 
still maintain a seal between com- 

(see Note 2). Make-up 
water is admitted h a float 
controller that is regulated by the 
level in the compartments that are 
in operation. Failure of controls 
cannot damage the steam vacuum 
refrigeration unit, nor can faulty 
operation of the control system re- 
sult in damage. Damage from 
freeze-up is not possible. 

Table LI is a comparison chart 
of the various steam powered re- 
frigeration systems. Figures given 
are based upon the design rates 
shown therein. Although the modi- 
fied steam vacuum system selected 
for this comparison shows a steam 
rate and first cost which favor it 
over both steam driven centrifugal 
and absorption systems, the steam 
vacuum system could be designed 
for a higher steam rate at a corre- 
sponding reduction in first cost. 
Under these conditions, the steam 
vacuum system would still be com- 
petitive in steam consumption with 
a ion systems. Thus. when 
only low pressure steam is avail- 
able, a steam vacuum system may 
be selected for a peak rate slightly 
higher than the design peak rate 
for absorption. Part load rates, tak- 
ing reduced wetbulb into consid- 
eration, are still lower than absorp- 
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of the flash tank. This opening at 
; the bottom, joining all compart- 
ments together, is always sub- 
merged. 
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tion (see Note 3), which leaves the 
steam vacuum still at an 
advantage insofar as steam con- 
sumption is concerned. 

The 
steam vacuum system to lower con- 
densing temperatures is a most im- 

characteristic. A recent in- 
vestigation of published weather 
data for a northern city indicated 
that out of 976 hr of an operating 
season, only 3 hr averaged above 
the wetbulb design condition, and 
54 hr were above the 70F 
wetbulb condition; 440 hr were 
below 66F wetbulb. The preva- 
lence of wetbulb conditions at or 
above the design point will be in- 
fluenced by the ion of the 
specific installation. However, the 
proportion of time during which a 
refrigeration system operates at or 
near design conditions, insofar as 
wetbulb is concerned, is quite 
small, and any system which bene- 
fits substantially when these condi- 
tions are reduced offers a very im- 
portant advantage. The resultant 
savings in steam consumption at 
lower wetbulb conditions make the 
modified steam vacuum system 
most attractive from an operating 
economy standpoint. 

With no moving parts and 
only water as the refrigerant, main- 
tenance and irs are quite low. 
Records for even the earliest steam 
vacuum refrigeration indi- 
cate that repair bills averaged $20 
per year. Life e has been 
excellent, far greater than that of 
machines with movjng parts. Main- 
tenance experience with the new 
steam vacuum has been too 


limited to be accuratély predicted. 


However, since the low side of the 
system is no different than pre- 
vious steam vacum refrigeration 
systems, it would be expected that 
maintenance ience on this 
part of the system would duplicate 
that on previous systems. 

It is anticipated that mainte- 
nance on the high side (condenser) 
of this system would be approxi- 
mately equivalent to that on a cool- 
ing tower. Maintenance of fans and 
recirculating water pumips is re- 
quired for both. The recirculating 
water pump of the modified steam 
vacuum system would be smaller 
than the main condenser water 
pump of the cooling tower; how- 
ever, the addition of the small con- 
densate pump on the modified steam 
vacuum system would make up for 
this size differential. We believe 
that the overall maintenance re- 
quirements for the modified steam 
vacuum system will be less than 
the requirements for any other sys- 
tem plus its cooling tower. 

One advantage of the 
that the “fill” in the condenser is 
non-flammable, which means there. 
is no off-season fire hazard such as 
there could be for wood fill cooling 
towers. The absence of moving 
parts on the low side of the system 
means there will be no vibration at 
either the high or low frequency 
level. Noise levels are also low, 
less than that of a fan and water 
on a cooling tower. There is no 
“hunting” noise such as can occur 
on other systems operating at ex- 
treme low loads. 

The cost of installing any sys- 
tem is hard to evaluate, g 


Phe 
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where the unit is installed, 
w it is located on the roof 
or in the basement. The steam vac- 
uum system is usually installed out- 
doors; in the case of a tall building 
it is installed on the roof where 
the cooling tower usually would 
be installed. The rigging cost of 
the modified steam vacuum system 
is usually less than, or about equal 
tower alone. If it is planned to 
install the entire refrigeration sys- 
tem on the roof or in a penthouse, 
then rigging costs of the other sys- 
tems would differ little from the 
rigging costs of a modified steam 
vacuum system. When it is planned 
to install the other refrigeration 
systems in the basement and the 
cooling tower on the roof, the com- 
bined rigging costs of the two pro- 
cedures should be larger than that 
for the modified steam vacuum sys- 
tem installed on the roof. Since the 
steam vacuum system is custom- 
arily installed out of doors, it 
would require no engine room. In 
addition to the saving brought 
about by elimination of the engine 
room, rigging should be simplified 
due to elimination of encum- 
brances produced by walls, etc. The 
cost of condenser water piping be- 
comes a major factor fies com- 
parison is made between a modified 
steam vacuum syst2m installed on 
the roof and any ether system in- 
stalled in the basement with a cool- 
ing tower on the roof. The cost of 
steam piping will be increased 
. since a steam line must be run 
from the street to the roof. 


Table III provides relative costs 
of the various refrigeration systems. 
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Investigation has shown that the 
overall first cost of the modified 
steam vacuum is lower than 
that for other systems, with the 

ible exception of electric-driven 
when these sys- 
tems are installed in penthouses 
immediately adjacent to the cool- 
ing tower. In arriving at these 
evaluations, the elimination of pro- 
tective housing for the steam vac- 
uum system not been taken 
into consideration. This saving, 
in existent buildings, 

ill be quite advantageous to 

steam vacuum system. At higher 
chilled water temperatures, the 
modified steam vacuum system will 
prove even more attractive than at 
the temperatures considered. 

The modified steam vacuum 
system occupies approximately the 
same space n ly required for 
the cooling tower alone for con- 
ventional steam-operated systems. 
Dimensions for a typical 225 ton, 
45 F, modified steam vacuum sys- 
tem approximate those for a 300- 
ton, 50F chilled water system. 
Moreover, space requirements for 
larger tonnages would not neces- 
sarily increase proportionately. 
Since the entire system is installed 
where the cooling tower alone 
would have been installed, machine 
room space js saved for other uses. 

Weight requirements of the 
modified steam vacuum system are 
greater than the weight of the 
cooling tower alone for steam- 

rated refrigeration systems, but 
the weight of the entire system is 
about equal to, or slightly less than, 
the canine weight of a cooling 
tower and steam-operated refrig- 
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eration system where the entire 
system is installed on the roof. 
Where it is required to locate the 
modified steam vacum system on a 
lower floor set-back, the system 
would have the disadvantage of 
losing some of the available chilled 
water ing head. This occurs 
when the returning chilled water 
is flashed to the vacuum in the 
evaporator. Closed chilled water 
in other systems 
do not have this disadvantage. In 
both lithium bromide absorption 
and centrifugal refrigeration, water 
is chilled under the operating static 
head pressure, but in the modified 
steam vacuum system the water 
must be flashed to the vacuum in 
the tor, resulting in a static 
head loss and consequent greater 
oan, horsepower. This is not 
the condition when the entire sys- 
tem is located on the roof. 
Although the modified steam 
vacuum system operates under a 
vacuum (see Note 4), this vacuum 
exists only up to the discharge side 
of the chilled water pump. Water 
returning to the evaporator is 
under a positive pressure. This 
means that the only air leaks that 
can occur must take place within 
the system itself. Proper design and 
minimization of joints through 
which leakage can occur have 


Note 1: Characteristic curves (Fig. 5) are for 


a series of boosters designed for the 


specific conditions shown on the curve. 
Note 2: Description of part-load control is 
applicable to the systems shown in Figs. 1 
and 1B. The moditied steam vacuum system 
and the vertical flash tank systems shown in 
the illustration use a stacked flash tank 
eliminating the need for shutting water vaives 
as boosters are turned on and off and also, 
incidentally, eliminating any inefficiency which 
would result from water stored in the now 
operating flash tank. 


made air leakage a ble prob- 
lem in these 

As a further ution, vac- 
uum is maintained in these sys- 
tems by a large two stage ejector 
system with air handling capacities 
much greater than that found on 
either Wh a or centrifugal sys- 
tems. The danger of air leakage in 
steam vacuum refrigeration sys- 
tems is only than 
the danger of air } e in the 
surface condenser and turbine com- 
bination of a centrifugal refrigera- 
tion system. Experience has indi- 
cated that this problem is prac- 
tically non-existent, except during 
the original start-up of the system 
(see Note 5). 


In summary, a new steam- 
operated refrigeration system is 
now available for comfort air con- 
ditioning; a system with low in- 
stalled first cost, low annual steam 
consumption, and one which is 
reliable and maintenance free. Al- 
though limited in size at the pres- 
ent time to systems under 500 ton 
of refrigeration in a single package, 
the merits of this modified steam 
vacuum system should be consid- 
ered wherever steam is used to 
produce refrigeration for air con- 
ditioning or other water chilling 


purposes. 


Note 8: Absorption refrigeration part-load 
rates have recently been improved by a tech- 


formance 
signed for the specific conditions shown on 
the curves. ristic throttling curve 
would more accurately depict performance 
selected. ‘hus, perform- 
selected for operation at 
F condensing temperature would not be 


: 

. 

nique known as solution control. An accurate pee 

representation of part-load performance of any ‘ae 

given ejector system cannot be obtained by a 

reference to Fig. 5, which represents the per- oe 


Fig. 5 when 

80 F condensing tempera- 
i.e. the throttling curve would not be a 

Traighe line. The figures given, however. are 

accurate enough for the purpose of this article. 


Note 4: Early steam 


capaci lodern systerns ha 
with capacities many times those of earlier 
systems and several times the capacity of the 
used on the surface condensers 
of all steam-driven centrifugal systems. By 
designing the system so all piping is under 
a positive pressure, leakage problems can be 
limited to the steam vacuum refrigeration unit 
itself. Present day steam vacuum refrigeration 
systems encounter no difficulty with mainte- 
nance of vacuum. 


Note 5: 
Loss of and insufficient condenser 
capacity were responsible early systems 


msing temperature is 


rature can be 
by the evaporative 
condenser portion of the unit with sufficient 
surface to anticipate worst condi- 
‘twas found in local weather records for the 
installation in question. 
An guiding control device can be incorpo- 
rated in the system which will permit "the 
chilled water temperature to rise a few decrees 
during those few hours when outside W.B. 


igi 
; 


wet bulb 
and when 


cooling. water 
the steam 
steam 


maximum which was 
. This rise in chilled 


ter will decrease range 
over which ejector must compress and 
hi any danger of breaking. 
roper design of condenser and ejector with a 

safety factor in condensin: 
a booster designed io operate wii t breaking 
at condensing temperatures 2-3 F above design 
will not —~~4 insure against breaking but will 
improve performance at all load conditions 
since excess surface will ae in redu 
condensing temperature at 

reaking can only occur at "eat load when 
condensing conditions exceed design, or if 


load with wetbulb, not ae 
—= off as the wetbulb is reduced. Internal 

proportions, fresh air ete., 
will make a great difference nalysis must be 
made for each specific case. A 25% load at 
78 W.B. would require per T.R. 
than a 25% load at 70 W.B. The above 
figures however reflect the dramatic reduc- 
tion in steam requirements as load and W.B. 


HI 
3 


Pe 4 


Hil 
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: 
4 ticipated during desig 
vacuum refrigeration 
: systems were troubled by loss of vacuum due 
to _pipir techniques _and_ insufficient 
load is greater than design. This can be 
accommodated by the steps described above 
at all other times; i.e., when load is less than 
4 design or when W.B. is less than design, there 
; is no possible danger of breaking. 
Breaking can only occur on a poorly designed 
system. 
atures are . since at u 
ben a ker Wek evaporative condenser is oversized and closer 
in a heating rather than a cooling process. te % load 
Breaking occurs when the compression range W.B at 254 "load at 
over which the ejector is required to function oe s It -B. is 70 F at 25% -B. is 
exceeds that for which it was designed. This °4-5 F. It must be emphasized that any com- 
< can occur if the conde parison of the relative energy requirements of 
higher than design. one system, as opposed to another, must be 
decrease. 
DISCUSSION 
C. M. Asmuzy, Syracuse, N. Y. (Written): The danger of high condenser temperatures due 
refrigeration system which is described by to fouling of the condenser surfaces, it is 
7 the author is an interesting and significant still true that wet bulb temperatures can rise 
application of the evaporative condenser to bulb. I 
the improvement of the steam ejector type when I 
F of refrigeration equipment. It is of historical steam 
interest that what is believed to be the first bulb temperature 
application of the forced circulation evapora- at the equipment 
; tive condenser was to a steam ejector refrige- 
ration system. Four thousand of these were 
applied for the air conditioning of railroad 
cars largely in the early and middle 30's. 
Unfortunately, the present paper 
many important questions ibed in his paper designed for. P 
application of steam jet boosters to will a system designed for opera- 
refrigeration for air conditioning has bulb operate at full 
and at design steam 
lade in the paper of 
te with reduced wet ‘ 
capacities. It should 
steam jet is essen- 
flow device at a 
Thus, in order to 
t the same chilled 
the system was most needed for perature, it is necessary to throttle 
While it is true that flow, usually by reducing the 
evaporative condenser has would be helpful if the 
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of absorption refrigeration which were 
neglected, by omission, in the article itself. I 
si ly appreciate the opportunity to reply 
to Mr. Ashley’s comments, and hope that the 
information set forth above will aid in a better 
understanding of this very interesting refriger- 
ation system. 


condenser is about the same as the ejector fs 
noise itself. 
Ashley’s comments have been of assistance in ae 
clarifying some of the points which were not nS 
too clearly explained in the article, and my 
serve to emphasize some of the characteristics as 
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Thermodynamic Investigation 
of a Refrigerant Expansion Engine 


THOMAS M. OLCOTT 


The principle of substituting a re- 
frigerant expansion engine for the 
expansion valve of a vapor com- 


pe cycle system is well known 
dingly documented. 


and correspon 
Published performance data for 
such an engine, however, are con- 


spicuously lacking. 


This investigation consisted of An ideal vapor compression 


(1) of a simple engine, 
(2) and (3) com- 
its il ormance with the 
ic expansion. 

. available was only as 
as 10%. The — analysis 
that the ure drop 
leakage in the valves were major 
causes of the low energy recovery. 
If these were eliminated, the per- 
centage recovery could have 


HAROLD A. BLUM 


A theoretical comparison was 
made between the single circuit 
refrigeration system, utilizing the 
expansion engine and the cascade 
system. 


THERMODYNAMIC 
BACKGROUND 
cycle 
refrigeration system departs from 
a Carnot refrigeration cycle in three 
ways. This Baw ge discusses these 
erences presents a device 
that will allow the ideal vapor 
compression cycle to partially re- 
cover some of its losses. 
Both the ideal vapor compres- 
sion cycle and the reversed Carnot 
— are shown on a temperature- 


(Fig. 1) and on a 

diagram (Fig. 2). 
ideal vapor compression cycle 

is shown by the points 1, 2, 3, 4, d, 
1. It is a constant enthalpy expan- 
sion from points 1 to 2, followed 
by a constant pressure and tem- 
perature vaporization to point 3, 


reached 40%. 
4 Thomas M. Olcott is a graduate student at 
Seuthern Methodist University and a — 
sion Engineer with Convair; Harold A. B 
is Professor, Mechanical Engineering Dept., 
Southern Methodist University. This paper was 
ecpared for presentation at the ASHRAE 68th 
Meeting, Denver, Colo., June 26-28, 
1961. 
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then an isentropic ——— to 

point 4, and finally a constant 

sure cooling and condensation 

to point 1. The reversed Camot 

cycle follows the path shown by 

points 1, b, 3, c, 1. This cycle con- 

sists of an isentropic expansion and 
ion from points 1 to b and 

from points 3 to c. It also includes 

a constant temperature condensa- 


tion and va tion from points 
c to d and points b to 3 re- 
spectively. 


These two cycles differ in the 
following manner. First, the v 
compression cycle system red 
the area d, c, 4, d, known as the 
superheat horn. The inclusion of 
this area causes an increase in both 
the heat rejected in the condenser 
and the work required for com- 
pression. The vapor compression 
cle also fails to recover work in 
thes fonin' palate: 3: tat 
This is rye by the area b, 
enthalpy change from point 2 to 
point b and is therefore equal to 
the work lost for an adiabatic 


process. Finall cycle 
a loss to the 


increase in entropy during the 
throttling expansion. This loss is 


Fig. 1 Temperature-entropy 
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also shown by the area b, e, f, 2, b 


on the temperature-entropy dia- 


gram. 
There are two ble wa 

that the superheat horn can 
removed. To have a constant tem- 
perature cooling of the superheated 
one method. This would be im- 
possible, since it reauires a rise in 
pressure and a decrease in volume 
with no input of work. Another 
way to remove the superheat horn 
might be to begin the isentropic 
compression at pe g. This, how- 
ever, requires compression through 


the wet region. 
The remaining losses are those 
associated with throttling ex- 


pansion. These losses can be par- 
tially eliminated by allowing the 
refrigerant to expand against a 
piston, so that work may be re- 
moved from the e ion. If the 
output of this piston were usefully 
utilized, there would be both an 
increase in the net refrigeration 
effect and a reduction in the work 
that would have to be su ee 


This cycle is nted 
points 1, b, 3, Gate on Figs. = 
2. 

The of refrigera- 
tion cycles is studied by comparing 


Fig. 2 Pressure-enthalpy. diagram 


gram 
4 
SATURATED 
VAPOR 
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their coefficients of 


The coefficient of performance 
(C.O.P.) is defined as the net re- 
frigeration effect divided by the 
net work that must be ormed 
on the cycle. The net geration 
effect is equal to the enthalpy 
change during the constant pres- 
sure vaporization. The net work 
performed on the cycle is equal to 
the enthalpy change during the 
compression precess minus any 
work that is produced by any other 


part of the cycle. 


The coefficients of perform- 
ance of the various cycles Pate 


are as follows: (See Fig 2) 


The ideal vapor cycle with throttle ex- 
pansion 


H; — H; 
C.0.P. = 
H, — H; 
The reversed Carnot cycle 
H; — 
C.0.P. = 


(H. — Hs) — (H:— 


The ideal vapor cycle with piston ex- 
pansion 


(H: — H;) + (H:— Hp) 

(H.— Hs) — (H: — Ho) 
H: — Hp 

(H. — Hs) — (H: — He) 


C.0.P.= 


It is easy to see that the vapor 
compression cycle with piston ex- 
pansion is different from the Car- 
not cycle only by the additional 
work of compression required from 
point c to point 4. In Table I the 
performance improvement of the 
vapor compression cycle with a 
piston expansion over a throttle 
expansion is shown, using the 
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standard ton characteristics and 
with Refrigerant 12. 


EXPERIMENTAL EQUIPMENT 
As the building of an isentropic 
nsion would be impos- 
sible, it was decided to re a 
simple ion engine to 
the avail- 
able work from an sonnet ex- 
pansion could be recovered. 
The engine used was a small 
single cylinder refrigeration com- 
r. The valve plate was re- 
moved, and the inlet and discharge 
manifoldings were reamed out to 
reduce drop. Also the 
passage leading from the crankcase 
to the inlet manifold was sealed, 
and provisions were made to vent 
the crankcase to a low pressure 
drum. Electrically ated sole- 
noid valves were p at the 
inlet and discharge of the compres- 
sor. A wooden fly wheel (eight in. 
diam) was fastened to the com- 
pressor shaft. Strips of linoleum 
were fastened to the outer edge of 
the fly wheel, which activated 
micro-switches, which in turn op- 
erated the solenoid valves. 
By changing the length of 


Table | Standard Ton of Refrigerant 
12 


Throttle Piston 
Expansion Expansion 
Evaporator 
Temperature deg F 5 5 
Condenser 
Temperature deg F 86 86 
Net Refrigera- 
tion Effect Btu/lb 50.035 51.633 
Work of F 
Compression Btu/lb 10.636 9.038 
Coefficient of 


Performance Btu/Ilb 4.704 


5.713 
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these strips, both the inlet and dis- 
e valves’ timing could be 
varied. Also fastened to the wooden 
fly wheel was the reducing motion 
for the engine indicator. This con- 
sisted of a slide and crank mechan- 
ism. The ratio of the crank length 
to the eccentric was the same as 
that of the engine connecting rod 
length to one half of its stroke. 
Therefore, the indicator motion 
was directly proportional to the 
piston travel at every point. The 
engine indicator used was a stand- 
Crosby Steam Engine Indica- 
tor. Figs. 3, 4 and 5 show a top, 
front, and back view of the engine. 
The engine cylinder and crank- 
case, as well as the inlet and dis- 
charge lines, were well insulated. 
Both the inlet and the discharge 
‘lines were instrumented with pres- 
sure gauges. The crankcase of the 
engine was vented to the discharge 
line to allow any refrigerant that 
might leak past the piston to flow 
to the low pressure drum. This pre- 
vented any pressure build up in the 
crankcase. 


high quid Re- 
dirough 1 it and then 
allowing the refrigerant to 

to a low pressure source. The 
pressure liquid refrigerant was ee 
in a ose me roximately room 
tempera drum was in- 
‘fastened to the inlet 
valve. Thus it was insured that all 
of the refrigerant entering the en- 
gine would be liquid. After the 
refrigerant expanded in the engine, 
it was di ed to a second 


dischargi 
drum, which was packed in dry 
ice. 


Mass flow of the refrigerant 
was determined by weighing the 
drums and observing the time of 
the run. Indicator cards were taken 
every 30 sec and engine speed was 
taken by by a direct 
— This was e since the 


pre was always about 60 
in the supply 
as oa as the discharge 

drum also was recorded during 
the run. Approximately 10 Ib of 
refrigerant were used for each of 
the runs. This resulted in a run of 
approximately four min in len 

Fig. 6 the complete test 


up. 
RESULTS 


Ten satisfactory data runs were 
made during the testing of the 
engine. The data from runs 
are presented in Table II. 

The three inlet valve angles 
that were used were 11.4, 13.9, 
The 

ly pressure varied between 80 

142 psia, and the e 
pressure varied between 25 and 
psia. The mass flow of refrigerant 


through the was nearly con- 
stant, varyi een 2.1 and 2.4 
Ib per min. speed of the engine 
varied between 45 and 71 rpm. The 


indicated horsepower taken from 
the indicator cards varied between 
3.39 x 10° and 5.74 x 10°. This, di- 
vided by the mass flow and con- 
verted to the proper units, gave 
the enthalpy change across the 
engine, which varied between 
0.0621 and 0.0980 Btu per Ib. 

ical indicator cards from 
each of the ten runs are shown in 
Figs. 7 and 8. Included on these 


363 
4 


CROSBY 
INDICATOR 


Low 
PRESSURE 
GAUGE 


SUPPLY 
PRESSURE 
GAUGE 
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Fig. 3 
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DISCHARGE 
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SPRING CONSTANT = 20 PSI/IN. 
DIAGRAM LENGTH = 160 INCHES 


RUN / RUN 2 
49.6 PSIA 
46.0 PSIA 
29.6 PSIA 
26.5 PSIA 
A= 1.26 A= .91 SO.IN, 
MEP = Psi MEP = 11.4 PSI 
14.7 PSIA 
RUN 4 
RUN 3 51.9 PSIA 
48.4 PSIA 
33.1 PSIA 
28.6 PSIA 
A= 1.01 A= .92SQ-IN. 
MEP = 12.7 PSI MEP = 11.5 PSI 
14.7 PSIA 
RUN 
51.1 PSIA 
32.6 PSIA 
A = 1.05 SQ.IN 
MEP = 13.2 PSIA 
14.7 PSIA 


Fig. 7 Typical indica- 
tor card from each run 


cards are their areas and the am- DISCUSSION OF RESULTS 

bient pressure line. Cards were The mean effective pressure was 
taken every 30 sec during each taken from all of indicator 
run, which resulted in 5 to 8 cards cards during each of the ten runs. 
for each run. The deviation in area It was then averaged and com- 
from card to card for a given run bined with the average engine 
was never more than 20%. speed for that run to determine 


| 
OG 
oe 
ie 
ie» 
| 


56.4 PSA 


the indicated er. The en- 
gine constant was 5.82 x 10°, which 
came from a 1-7/16-in. bore and 
stroke. The engine constant multi- 
plied by the mean effective pres- 
sure and engine speed yields indi- 
cated horsepower. The spring 
constant for the Crosby Indicator 
was 20 psi per in. for all runs. The 
mass flow of refrigerant was de- 
termined by taking the loss of 
weight of the supply drum and 


dividing it by the time length of 
the run. The supply and discharge 
pressures were taken directly from 
and discharge lines. 

During the testing the inlet 
valve timing and the pressure in 
the supply were varied. Sev- 
eral runs were made at each of the 
three inlet valve openings. From 
examination of the data it appeared 
that the variation in the inlet valve 
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RUN 6 
26.6 PSIA 
As 173 50m. 
MEP 26 PSI 
RUN 7 RUN 8 
A+ A+ .98 SQ.IN. 
MEP 10.8 PS! MEP = 12.3 PSI 
4 RUN 10 
4 RUN 9 
25.1 PSIA 
A 1.02 $0.m. 1.85 $0. IN. 
WEP 12.8 PSI MEP 19.4 PSI 
4 Fig. 8 Indicator cards 
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of 
the performance of the 


The indicated 

the engine. ta are 
in Fig. 

icated power with in- 

creasin se pressure. The en- 
thalpy loss across the engine, which 
was plotted in Fig. 10, varied in 
the same manner as the indicated 
power. This resulted from the en- 
gine having been operated, for the 
most with a constant mass 
loss across the 


ete to the indicated 
divid by 


the mass flow, 
since the engine was well insulated 
to prevent any heat loss. 

The engine had no external 
load applied during any run, thus 
making the brake power alwa 
equal to zero. Consequently, the 


Fig. 9 Indicated pow- 
er vs. supply pressure 


indicated power was equal to the 
friction power. 

It is interesting to compare 
the work extracted from the re- 
essure frigerant by this engine with the 
work that could have been ex- 
tracted by performing an isentropic 
expansion een engine’s 
supply and discharge 
The work realized such an 
pt expansion would be the 
ible. This maximum 
d also be equal to the 
maximum enthalpy change that 
the refrigerant could have. Fig. 11 
of the refrigerant across the engine 
versus the minimum enthalpy 
change that could have occurred 
if the e on were isentropic. 
This figure also includes a plot of 
the engine efficiency, or t of 
the maximum available enthalpy 
change, that was recovered by 


Fig. 10 Enthalpy loss 
across engine 
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engine. This curve is just the sl 
of the previous curve. This eff. 


ciency varied between 11 and 4%. 


FACTORS AFFECTING 
PERFORMANCE 


Reasons for low reported efficien- 
cies can be seen best by studying 
the process that occurred in the 
engine during a complete stroke. 
Fig. 12 is a plot on a pressure- 
enthalpy diagram showing the con- 
ditions of run number 7. Point 1 
on this figure is the state of the 
saturated liquid refrigerant in the 
supply drum. 

As the liquid passed through 
the inlet valve, there was a con- 
siderable pressure loss due to the 
high flow through the valve. This 
pressure loss was pure throttling 
and is shown as a constant enthalpy 


Fig. 11 Engine effi- 
ciency including all losses 


> 


expansion to point 2. The first 
reason why the efficiency of this 
engine was so low is this large 
throttling loss through the inlet 
valve. 

The pressure at point 2 was 
determined by taking the average 
maximum pressure from the indi- 
cator cards. The measured - 
sure loss agrees with the calculated 
value for this size valve and flow 
conditions. A calculation of this 
loss for run number 7 is presented 
in part A of the A dix. This 
calculation shows that with a flow 
of 1.24 lb per sec through the valve 
there will be a loss of 50 psi across 
the valve. This a with the 
measured flow of 1.28 lb per sec 
and the pressure loss of 50 psi. 

Point 2 is the maximum pres- 
sure in the engine and represents 
the beginning of the engine expan- 
sion. This expansion continues to 
point 3, which indicates the end 
of the discharge stroke where the 
pressure in the engine is the least. 
The constant enthalpy expansion 
from point 3 to point 4 is the 
loss across the discharge valve. — 

During the expansion from 
point 2 to point 3 not only is 
enthalpy due to the 
work that is being done, but also 
some heat transfer is taking place 
between the engine and the refrig- 
erant. 

If this test had been performed 
by perfectly insulating the engine 
from its surroundings and by then 
allowing the refrigerant to flow 
through the engine until equilib- 
rium conditions were reached, the 
net contribution of any heat trans- 
fer effects would have been zero. 
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Thus, the engine would have main- 
tained an average temperature that 
would have been between the tem- 
perature at point 2 and the tem- 

ture at point 3. During the 
Brst part of the power stroke some 
heat would have been transferred 
from the engine to the refrigerant. 
As the refrigerant cooled to a tem- 
perature below that of the engine, 
the same quantity of heat would 
have been returned to the engine. 
Thus the net enthalpy loss of the 
refrigerant would have been equal 
to the work removed. 

The reason that this test was 
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not conducted in the manner just 
described was that the quantity of 
refrigerant required to cool the 
engine to equilibrium conditions 
was a good portion of the amount 
available for the entire run. Also 
a continuous method of determin- 
ing the mass flow of refrigerant 
would have been required since 
the testing would have had to 
begin when equilibrium conditions 
were reached. 

In the preliminary runs while 
the engine was being , it 
was determined that pressure 


at the beginning of the expansion 


Fig. 12 Conditions of expansion for run No. 7 


POINT 3 - ENTHALPY AT THE END OF THE ENGINE EXPANSION 
POT 3 - ENTHALPY THAT WOULD EXIST AT THE END OF THE ENGINE EXPANSION 
THE DISCHARGE VALVE DID NOT LEAK 


LINE 


FP PRESSURE LOSS ACROSS THE INLET VAWE 


ast 
| 
Wa 
ENTHALPY - B8TU/LB. 


© 


es and at 
psia with the corre- 
saturation temperatures 
Of 30 and 12 F respectively. There- 
fore, in an attempt to bring the 
to equilibrium conditions 
ore the test began, the engine 
was insulated with glass wool, and 
then a few pieces of dry ice were 
placed near the cylinder to cool it 
to approximately 15 to 20F. This 
temperature was noted by observ- 
ing the pressure of the saturated 
gas in the engine crankcase. 
The clearance volume of this 
ume is 2.3 cu in. This means 
that the swept volume is only 27% 
of the total volume. This percent- 
age is quite low, as in most engines 
the swept volume is several 
dred percent of the clearance vol- 
ume 


The clearance volume multi- 
om by the change in density 


int 2 to se 3 (Fig. 12) 
should be equal to the mass of 


refrigerant admitted during a com- 
oe stroke. This is true because 
th points 2 and 3 occur at top 


Fig. 13 Refrig- 
eration solenoid 


dead center, point 3 being just 
prior to the opening of the inlet 
valve and point 2 being just after 
the opening of the inlet valve. For 
run number 7 the density at point 
2 is 6.76 lb per cu ft and at point 3 
is 3.58 Ib cu ft. The density 
difference multiplied by the clear- 
ance volume yields a mass of 
0.0116 Ib. However, the mass ad- 
mitted during each stroke in run 
number 7 was 0.035 Ib; three times 
as much as would have been ex- 
pected. 
_ The reason for this huge dis- 
is the other major factor 
that caused the engine to have 
such a low efficiency. As was pre- 
viously stated, the valves inal te 
the engine were electrically oper- 
ated solenoid valves. These were 
necessary, since the reed valves 
that were initially in the compres- 
sor did not operate in the proper 
manner for engine use. The re- 
frigeration solenoid valve uses the 
power of the solenoid for opening 
and the valve’s upstream pressure 
for closing. The valve is a servo 
mechanism during its closing oper- 
ation, using its own upstream pres- 
sure as servo pressure. 

The diagram in Fig. 13 is a 
sketch of how this type of valve 
yao As can be seen from 

sketch, the valve stem falls 
due to gravity when the solenoid 
coil is deenergized, and there is no 
difference between the inlet and 
exit pressure. However, in this 
condition the stem is poorly seated. 
When the inlet pressure is in- 
creased, the pressure on the valve 
seat tends to open the valve, and 
the pressure on top of the piston 


372 ASHRAE TRANsAcTIONs 

valve 

SOLENOID 

con 
Yj, 

Y 


REFRIGERANT EXPANSION ENGINE BY OLCOTT AND BLUM 


above the valve seat tends to close 
the valve. Since the area of the 
piston is greater than the valve 
seat, the net effect is to close the 
valve. This system works quite 
well for most operations. 
However, when there is a sud- 
den rise in the inlet pressure, a 
small amount of flow leaks 
the valve seat. This is because the 
flow path to the piston is much 
smaller than that through the valve. 
In the case of this engine, the dis- 
charge valve leaked nearly two- 
irds of the total flow itted 
by the inlet valve before it closed 
tightly. This was observed when 
the engine was being run on air 
and was discharging to ambient. 


Three different of sole- 
noid valves were tried as discharge 
valves, but they all had this tend- 
ency. Also the discharge valve was 
closed 34 deg before the piston 
returned to top dead center in an 
attempt to seat the discharge valve 
during the compression part of the 
stroke. However, the pressure 
build up was not enough to cause 
the valve to close completely. This 
can be seen by looking at the indi- 
cator cards and by noting that 
there was no compression portion 
of the discharge stroke. Thus it 
appears that the exhaust valve 
closed at the same instant that the 
inlet valve ned. This effect 
caused the calgon change across 
the engine to be nearly one-third 
less than it could have been with 
better valves. 

Of course some of this leak- 
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age flow was going past the piston; 
but since the compressor 

and cylinder walls seem to be in 
good condition, this leakage was 
probably quite small. Therefore 
the two major causes of inefficiency 
were brought about by the inlet 
and di e valves. When these 
effects are eliminated from the ex- 


periment by considering an isen- 


tropic ion from point 2 to 
point 3 (Fig. 12) using only the 
mass of refrigerant that remained 
in the Yara during the power 
stroke, t of work recov- 
ered varies between 25 and 40%. 
These data are shown in Fig. 14 
and the method of calculation is 
described in part B of the A 

dix for run number 7. mae 


Comparison between piston expan- 
sion, cascade operation and multi- 
stage compression — In low tem- 


perature refrigeration systems cas- 


Fig. 14 Engi 
nating the 


efficiency elimi- 
of valve losses 


v 


4 

When the inlet valve opened, a ee 
small burst of air was passed by = 
the discharge valve. 

= 
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cade cycles are used to 
improve the systems’ coefficient of 
performance. In the cascade sys- 
ively lower 
units. The 
system, operatin a 
tem cool the 
this can be continued for as many 
cycles as desired. Thus each re- 
and each refrigerant can be 
chosen so that it operates best 


to improve C.O.P. is multi-stage 
com 
and subcooling. In this cycle a por- 
tion of the liquid leaving the con- 
denser is subcooled by partial va- 
porization of the remaining liquid. 
The subcooled portion then passes 
to the evaporator and on to the 
first compressor. At the discharge 
of this the two refrig- 
erant circuits join in the flash inter- 


Table Ill 
Expansion 
System Type Expansion Efficiency Refrigerant 
1) Cascade Throttle R 22/R 12 
Cascade Throttle R 13/R 22 
2) Multi-Stage Throttle HT, R 22 
Multi-Stage Throttle & R12 
3) Single St Throttle 0 RI2 
4) Single Stage Piston 50% Ri2 
Single Stage Piston 75% R12 
Single Stage Piston — nee 
Single Stage Piston Yo R22 
Single Stage Piston R22 
Single Stage Piston 100%, R22 


cooler and then pass through the 
second compressor and on to the 


Table II presents a com 
son among the 1) cascade oo 
2) multi-stage tem, 
3) single-stage system with throttle 
expansion and 4) single-stage sys- 
tem with piston e: ion. The 
load is absorbed at —80F and 
rejected at 80F in each system. 
Several different refrigerants also 
are included in the comparison. It 
can be seen from this table that the 
single-stage system with piston ex- 
pansion has the best performance 
when the expansion elidency's is as 
high as 75%. 

The comparison of these four 
systems was computed assuming 

ession to be adiabatic (Ap- 

sole Part C). It should be noted 
that the corrections for compres- 
ry efficiency would affect the sin- 

stage compression units more 
unfavorebly than the multi-stage 
compression units. 


FUTURE DEVELOPMENT 
While the éngine described in this 


condenser. 
i 
} 
C.O.P. 

1.76 

1.65 

1.92 

1.88 

1.69 

1.53 

1.79 

1.88 

1.97 

1.89 

1.97 

2.15 


paper successfully demonstrates the 
principle of the refrigerant engine, 
the fraction of the isentropic proc- 
ess available energy actually re- 
covered was too small to be com- 
mercially interesting. 

To make this system a contri- 
bution to the art, this principle 
should be applied to an operating 
refrigeration cycle in such a way 
that work obtained from the en- 
gine be used either to reduce the 
work input to the compressor or 
handle auxiliary equipment. 


APPENDIX 


A. The following is an estimate of the 
pressure drop across the inlet valve 
to the engine for the conditions of run 
number 7. This is the Dee ig drop 
calculation method outlined by the 
ASRE DATA BOOK, Refri 

Applications, 6th Edition, 1949. 


Mass flow of refrigerant — 0.0345 
Ib/rev 

Length of time the inlet valve was 
open = 0.027 sec/rev 

Mass flow through the inlet valve = 


1.28 Ib/sec 
ws ] of a 3/16-in. ori- 
ces solenoid valve = 15 ft of 
3/16-in. straight pipe 
Flow giving 1-psi pressure drop per 
100 linear of 2-in. 
40 steel pipe =- 21,000 lb/hr of 
Refrigerant 12 
Multiplier H; to be applied to 2-in. 
schedule 40 steel pipe to find the 
flow giving the same pressure 
drop in 3/16-in. pipe — 0.004 
Measured pressure drop across the 
inlet valve = 50 psi 
Multiplier H; to be applied to the 
flow to give a pressure drop of 50 
psi = 8.0 
Therefore the flow that gives a 50- 
psi pressure drop in a 3/16-in. 
orifice solenoid valve is 
(21,000) (0.004) (8) (100) 


(3600) (15) 


ration 


1.24 Ib/sec 
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B. The following calculation is a de- 
termination of the efficiency of the 
engine if the effect of the inlet valves’ 
ressure loss and the discha valve’s 
were eliminated. his cal- 

culation is done for run number 7 


The supply pressure = 95 psia 
’ The enthalpy of the saturated liquid 
entering inlet valve = 25.667 
Btu/Ib 
Therefore the enthalpy leaving the 
inlet valve == 25.667 Btu/lb 
The pressure leaving the inlet valve 
= 46.0 psia 
This yields a quality at the begin- 
ning of the expansion = 0.156 
= density of po refrigerant at 
e ing e expansion = 
6.76 lb/ft? 


entropy of refrigerant at 

e beginning of the expansion = 

0.0546 Btu/Ib F 

The pressure at the end of the ex- 
pansion = 30.2 psia 

If the expansion were isontropic the 
quality at the end of the expan- 
sion = 0.210 

This yields an enthalpy of 25.109 
Btu/lb 


Therefore the enthalpy change with 
an isontropic ex ion = 25.667 
— 25.109 = 0.553 Btu/Ib 

The clearance volume of the engine 

00365 ft* 


The clearance volume multiplied by 
the change in density from the 
ee of the expansion to the 
end of the expansion is equal to 

the mass of refrigerant itted 
in each stroke 

This 1s true since the piston is at to 
again e of the expansion 
stroke. 


To determine the density at the end of 
the expansion would require knowing 
the quality of the refrigerant at the 
end of the expansion. However, only 
the work done by the refrigerant is 
known from the indicator cards. 


For run number 7 this = 0.00265 Btu/ 
rev 


To determine the density and ——- 
at the end of the expansion a quality 
is assumed which must be verified. 


Assume this quality = 0.210 


Density at the end of the expansion 

* = 8.57 lb/ft’ 

The density difference by 
the clearance volume 
mass of refrigerant — oniie 
rev 

This mass divided into the work 
done yy the refrigerant yields an 
enthalpy change — 0.229 Btu/Ib 

Therefore, the enthalp 
of the expansion = 

However, this enthaley occurs 
quality 0.2145 

The density at this quality = 3.47 
lb/ft? 


Recalculating the enthalpy chan 
from this density — 0. Btu/tb 

The enthalpy = 25.445 Btu/Ib 

This enthalpy occurs at a quality 
= 0.215 

This is very close to value used 


0.222 
Thus, the engine efficiency = 


0.558 
= 39.9% 


C. The foll is a calculation of 
the coefficients of performance of (1) 
a cascade system, (2) a multi- 
compression system, (3) a sing! 

e system with throttle 

(4) a single-stage system with 
piston expansion. All four systems 
are designed to supply refrigeration 
at an evaporator temperature of 
denser temperature of 80 

In the second cascade aystem the 

load at —80 F is absorbed by a Re- 
frigerant 22 unit with an 80 F con- 
denser. Refrigerant 13 con- 
denser is —10 F and the Refrigerant 
22 evaporator is —20 F. 


Heat absorbed in the R 13 ev 
= (50.6 — 7.5) = 43.1 Btu/lb 
Heat rejected in the R 13 condenser 
= (61.0 — 7.5) = 53.5 Btu/Ib R 13 
Heat absorbed in the R 22 evaporator 
= (102.8 — 34.3) Btu/Ib R 22 
r= of compression for the R 13 
= (61.0 — 50.6) = 10.4 Btu/lb 


rator 


Ril 13 
Work of poegunnenion for the R 
(123 — 102.8) = 20.2 


Ratio of the mass flow of R 22 to R 13 
53.5 
= —— = .78 lb R 22/Ib R13 
68.5 
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43.1 
c.0. P.= = 
10.44 + (20.2) (.78) 
1.65 


2. In the first two-stage unit with 

a subcooler and a flash intercooler 
the intermediate pressure is 27.4 psia, 
the evaporator —80 F and the con- 
denser F. Refrigerant 22 is the 
refrigerant. The liquid refrigerant is 
subcooled to the saturated intermedi- 
ate pressure before entering the evap- 
yo a and the first stage compressor 
discharge is desuperheated in the 
flash intercooler. 

Heat absorbed in the evaporator — 

95.68 — 6.4) = 89.3 Btu/lb 


Mass flow through the evaporator 


for a & ton load = —— 
89.3 
—= 2.24 Ib/min 
Combining the flash cooler enthalp py 
balance and subcooler enthalpy ba 
ance results in an enthalpy of the 
refrigerant leaving the subcooler and 
entering the intercooler of 86.0 Btu/Ib. 
This results in a total mass flow 
through the high stage compressor 
of 3.45 Ib/min. The work of compres- 
sion for the low pressure e unit 
= (80.5 — 68.5) (33 16) = 37.9 Btu/min 
of for the high 


pre re stage u 
P89. 5 — 75.5) (4.85) = = 68.0 Btu/min 
‘Thus: 


200 
Cc. 0. P. = —— = 1.88 
106 

3. For a single stage Refrigerant 
12 unit with a —80 F evaporator and 
an 80 F condenser with throttle ex- 
pansion 

Heat Absorbed in evavorator 

Work of compress 

= (96.01 — 68.47) 27.54 Btu/Ib 

45.10 
Cc. 0. P. = —— = 1.63 
27.54 

A single stage Refrigerant 22 unit 

with a —80 F Graastior and 80 F 

condenser with throtle expansion 

Heat absorbed in the evaporator 

= (95.7 — 34.3) — 61.4 Btu/Ib 

Work of compression 

= (136 — 95.7) = 40.3 Btu/Ib 


Cc. 0. P. = 


= 


4. A single stage Refrigerant 12 
unit with piston expansion in lieu of 
throttling expansion and a —80 
evaporator and an 80 F condenser. 

Quality of refrigerant entering the 

evaporator 
0.05475 + 0.02086 
= = 0.373 


0.20229 
Enthalpy of refrigerant entering 
evaporator 
= —8.345 + (.3873) (76.312) = 
20.35 Btu/Ib 


Work performed by the expansion 
ages the engine is 100 per cent 


ien 
= (23.37 — 20.85) = 3.02 Btu/lb 
45.10 + 3.02 
Co. = 197 
27.54 — 3.02 


Work performed by the expansion 

engine if the engine is 75 per cent 

efficient 

= (0.75) (23.87 — 20.35) = 2.26 
Btu/lb 


27.54 — 2.26 
Work performed by the expansion 
engine if the engine is 50 per cent 
efficient 
= (23.37 — 20.35) = 1.51 
tu/Ib 


45.10 + 1.51 
6.0. ?.= = 1.79 
27.54 — 1.51 
A single stage Refrigerant 22 unit 
with piston expansion, a F 
evaporator and an 80 F condenser. 
Quality of refrigerant entering the 
evaporator 


0.280 
Enthalpy of refrigerant entering 
the evaporator 
=—10.22 + (0.344) (105.9) = 26.3 
Btu/Ib 


47 #1, 2, 3, 4, subjects: ref: 
dit thermodyna: 
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Work performed by the engine if 
the engine is 100 per cent efficient 
= (34.3 — 26.3) = 8.0 Btu/Ib 


C.0. 85 


Work performed by the engine if 
the engine is 75 per cent efficient 
= (0.75) (34 — 26.3) = 6.0 Btu/Ib 


Work performed by the engine if 
the engine is 50 per cent efficient 
= (0.50) (34.3 — 26.3) — 4.0 Btu/lb 
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61.4 + 6.0 

C. O. P. = = 1.97 

40.3 — 6.0 

61.4 + 4.0 i 

C. 0. P. = 1,80 

40.3 — 4.0 
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DISCUSSION 

Joun C. Lzx, Des Plaines, Ill.: The ratio with the molecular weight of the refrigerant Us 

of the compression work to the expansion simply because the slope of the liquid line | ae 

work depends upon the type of refrigerant is smaller as the molecular weight of the ee 

that is used. In general, the ratio increases refrigerant is increased. Why does Refrigerant ae 


Avruor Oxcort: That is correct. 
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No. 1753 


Discussion of 
Some Strength Characteristics of Ice 
at the Interface 


J. K. STENE 


Several research programs to de- 
termine the adhesion strength of 
ice formed on various surfaces have 
been reported w previously. 
The strength has calculated 
based on the average stress re- 
quired to separate the ice and the 
surface in either tension or shear. 

Sibbitt, Fontaine and Dotson™ 
conducted a series of tests to de- 
termine relative tensile and shear 
stress when ice adhered to various 
metal surfaces. The tests were con- 
ducted in a large cold room which 
was maintained at a temperature 
of about 20 F. Distilled water was 
used to eliminate any variables 
present in tap water. Care was 
used to apply the load evenly as 
their preliminary tests showed that 


W. E. Fontaine is Professor of Mechanic: 
neering and J. K. is an Associ: 
Professor of Mechanical Engineering at Pure < 
University. This paper was prepared for 
presentation at the ASHRAE 68th Annual 
Meeting in Denver, Colo., June 26-28, 1961. 


W. E. FONTAINE 
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the stress was a function of the 
rate of loading. 

In these investigations when 
ice was formed between two cold 
metal surfaces, the ice failed at a 
crystal interface. This was attrib- 
uted to ice formation advancing on 
fronts from both surfaces. en 
one surface was left warm, this 
type failure was eliminated. How- 
ever, the breaking plane in the 
tensile tests always occurred in the 
ice, but the breaks moved closer to 
the surface that was originally 
cold. 

Test results in tension were 
lumped together for all clean metal 
surfaces. The metals used were 
brass, copper, aluminum, and steel. 
The average tensile strength was 
given as about 105 psi for ice 
greater than one-eighth in. thick. 
When tests were performed vary- 
ing the thickness of the ice, it was 
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found that the stress increased as 
the thickness decreased. 

In another series of tests 
treated some metal surfaces wii 
silicone compounds. The average 
value of the tensile stress for all 
tests was cited as 8 psi. There was 
noted a tendency for ——- 
stress as the number of remov: 
from one surface was increased. 
This was attributed to removal of 
the silicone surface with the ice. 
In this series complete removal of 
the ice was achieved. In the shear 
tests the shearing of ad- 
hesion was determined to be less 
than the tensile strength of adhe- 
sion, averaging about 65 psi, and 
all tions occurred at the in- 
terface and not in the ice. 

Results of these tests are illus- 
trated with bar graphs which show 
the range of stress values for the 
tension tests and for the shear tests. 
There is a bar for each class of sur- 
face. The frequency of any value 
is not illustrated, nor is the spread 
within a range shown. 

Jellinek* conducted extensive 
tests on the variation of the tensile 
stress with variation in geometry. 
The ice were cylindrical 
in geometry. The interface was 

e by freezing the ends of these 
ice cylinders to stainless steel disks. 
Water-ice was formed from water 
that had been by passin 
through an exchange resin to ~*~ 
it of electrolytes and by boiling to 
remove air. Snow-ice was formed 
by sieving snow into water and 
then freezing the mixture. The 
metal surfaces used were kept in 
benzene and cleaned in benzene 
before the tests. 


The tests conducted were at 
constant temperature and were to 


measure the tensile stren as a 
function of the rate of loading, the 
thickness and the cross-sectional 
area of the . The results 
were formulated in terms of the 
cross-sectional area and the vol- 


ume. At —45C the followin 
uation applied “over a breaceer 4 


fold range of volumes”:* 
S = (2.74 AV*-™ + 9.4) kg/cm? 
S = tensile strength 
A = cross-sectional area in cm? 
V = volume in cm’ 
In the above tests the breaks were 
partly adhesional (at the interface) 
and partly cohesional (in the ice). 
None of the tests reported was for 
clean tion between the ice 
and metal. These tests also showed. 
a tendency reported by other in- 
vestigators; that is, for increasing 
stress with decreasing thickness. 
The effect of the rate of loading 
was that an increase in rate was 
found to decrease the proportion 
of the break that was adhesional. 
Raraty and Tabor’® froze ice 
in a mold so that torque could be 
to a metal frozen 
ong the axis of the ice cylinder. 
For the tests torque was applied 
to the metal cylinder. The mold 
held the ice stationary so that the 
failure would occur at the cylin- 
drical interface between the ice 
and the metal cylinder. Sometimes 
the failure was in the ice itself. 
In their experiments the stain- 
less steel surfaces were prepared 
by polishing, degreasing, cleaning 
in analar acetone and air drying. 
At first boiled the distilled 
water to liberate the absorbed air, 
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but when it was noticed that air 
bubbles tended to be tra awa 
from the interface this tt 
As torque was applied in these 
torsional shear tests, the investiga- 
tors found an initial yield was de- 
pendent on time. When this vari- 
able was eliminated by rapid load 
application, there were wider vari- 
ations in the torque values at fail- 
ure. If the torque was applied 
slowly and at a uniform rate, there 
was scatter in the results. The 
shear stress at failure was found 


graphically by the authors, and 
aluminum was said to have been 


Fig. 1 Lever system at the ing of the 
test. Ice is frozen to a i positioned 


surface 


to be dependent on temperature 
and increasing almost linearly as 3 
the temperature decreased. : 
Two metals were used in these ; 
tests. The rotated cylinder was of 
stainless steel for the tests shown ‘ 
tested. Less stress was said to be : 
required for failure when stainless S 
steel was used than when alumi- 
num was used. The failure was 4 
always in the ice when aluminum ae 
was used. 
4 
= 
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_ These in ran an- 
other series of tests in which non- 
metallic substances were used for 


the rotated cylinder. For the ma 
terials used it was found that the 
stress values increased as the tem- 

ture decreased in the range 

OC to y —10C. 
In the range from —10 to —30C 
the stress value remained essen- 
tially constant. A plot of shear 
stress versus tem e showed 
that each material had a curve dif- 
ferent from each of the other ma- 
terials. Some further tests using 
metals covered with thin 
films gave results similar to the 
solid plastics and not like the solid 
metal. 

Stein” carried out two series 
of tests. One was a set of tension 
tests; the other a set of shear tests. 
These tests were conducted in a 
cold room where the ice and the 
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environment tures varied 
between 18-22 F. Careful control 
was kept over the water condition 
and temperature, and cleanliness 
was kal carefully in regard to 
the solid surfaces. 

Results of the tension tests 
showed a large spread in the stress 
woe at ation. This 

large where the 
was within the ice. 
For adhesion to metals, some stress 
values were over 300 psi; where- 
as, for adhesion to non-metallic 
surfaces all values were under 150 
psi. 

The shear tests showed less 
deviation from an ey. value, 
but some slow sliding of the ice 
over the surface was ed. All 
stress values regardless of surface 
were below 150 psi. Several differ- 
ent metals and some non-metallic 
surfaces were used in the tests. The 


Avg. Stress 
Surface Temp Stress From minus Deviation 
Material Equation Calc. Stress 
R psi psi % 
Anodized Aluminum 461 350.7 6.0 1.7 
462 333.8 —10.6 — 3.3 
463 317.8 3.6 1.1 
464 302.6 0.9 0.3 
Stainless Steel 462 246.8 15 0.6 
463 242.7 — 4 — 05 
464 238.7 — 0.8 — 0.3 
465 234.8 1.0 0.4 
466 231.0 0.3 0.1 
White Teflon 461 73.3 1.8 24 
462 70.4 — 24 — 35 
464 65.5 0.8 1.2 
Black Teflon 461 745 17.9 24.0 
462 62.9 —I7.9 —39.8 
463 53.3 1.7 3.1 
464 460 8.9 


metals showed the strength 
of adhesion. lete removal of 
the ice was achieved with the shear 
tests. Extensive tables and graphs 
are presented to show stress values 
for each surface and each test. 
Several general statements 
have been cited regarding the diffi- 
culties involved in conducting ad- 
hesion tests. In one article’® three 
basic difficulties were noted. The 
first concerned the necessity for 
reproducible cleanliness of the sur- 
face. The second concerned the 
difficulty of applying a uniform 
load at the interface when working 
with tension tests. The third diffi- 
culty concerned the erm of 
stresses at the interface. great- 
est uncertainties arise from the pat- 
tern of stresses generated at the 
interface. In many cases these are 
very complex and discontinuities 
may produce large stress concen- 
trations of unknown magnitude. In 
addition, the very act of forming 
the interface may leave residual 
stresses that will play 2 part in the 
observed adhesive strength. This 
occurs for example when clean 
metals are paul together; there 
is evidence to show that strong 
junctions are formed at the inter- 
face although in general little nor- 
mal adhesion is observed. This is 
because released elastic stresses 
pull the junctions apart one by one 
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Table Il Constants for Each Surface in Equation 
— 
c 


as the load is removed.”*° Other 
comments pertinent to conducting 
adhesion tests are summarized be- 


clusion that can be drawn is that 
the roughness of a surface can 
cause strong and weak points in 
the interface due to the adhesion 
forces of near points. 
Contamination also is seen to 
be a real factor in any tests. This 
is true since contamination reduces 
the area of real contact. Rough 
surfaces can be contaminated even 
when handled carefully. Absorbed 
gas films, ially water vapor 


pl 

solids and thus affect the adhesion 
strength of a junction between 
them.‘ oh 

The physical position of the 
ice in an adhesion strength test 
places the ice in the position of an 
adhesive and the tested surface in 
the position of an adherent. Com- 
ments on this view of the problem 
are worth considering, as careful 
control measures for an experiment 


x 10° ex 10° 


Surface 
Anodized Aluminum 368.4 4.95 1.3 0.0 
Stainless Steel 255.1 1.66 0.2 0.0 
White Teflon 76.1 3.78 0.8 0.0 


Black Teflon 88.1 


£28 «£2 22:2 288 
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low. 
Two are that 
the area of real contact is impor- : 
tant in determining adhesion forces, E 
and that there are no smooth sur- 4 
faces since all carefully polished F 
sions which are large compared j 
with molecular dimensions.* A con- 5 
and carbon dioxide, prevent com- 
14, 
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can be deduced from such discus- 
sion. 

In a discussion by Bikerman* 
on adhesive joints, it is indicated 
that when an adhesive is applied 
as a liquid the rate of solidification 
determines the size and the 
strength of the solid adhesive. At 
the same time, the thinner the ad- 


the foo, snce 


greater layers of the crys- 
tal. 


Truby™ studied ice with an elec- 
tron mi to ascertain a re- 
lati between the structure of 
ice and the rate of growth of the 
ice. All his indicated a 
micro structure of coordinated 


akaya,® in extensive tests on 
the formation of Tyndall flowers 
(voids in the ice due to internal 
mel caused by radiation), found 
that internal melting followed: by 
refreezing left voids in the ice 
which were filled with water va- 


~ He determined that milky 
yers in ice were layers of these 


Table Ill Temperature and Aver. 
Shear Stress for Removal of Ice = 
Various Surfaces 


Surface Temp Average Shear 
Material F Stress, psi 
Anodized Aluminum 1 356.7 

2 323.2 

3 3214 

4 303.5 
Stainless Stee! 1018 2 248.3 

3 241.3 

4 237.9 

5 235.8 

6 231.3 
White Teflon 75.1 

Black Teflon 

3 

4 


4 hexagonal prisms in bundles. The 
size of a bundle varied from one- 
half to 20 micron in width and 
from one to ten micron in a 
a The microscope pictures failed to 
, show any relation between the size 
distribution and the rate of growth. 
Observation of the growing sur- 
face of the freezing ice 
hesive the stronger pyramidal pits with hexagonal 
there is a greater 
weak spots in larger volumes. These Bjerrum’s* discussion of ice 
: weak spots make stress distribution structure finds ice to be plastic in 
. in larger volumes less favorable behavior because of easy sli e 
than in small volumes. The 
strength of smaller vol 
been well documented in the work 
of Jellinek* and was well known 
to other investigators. 
| abor’® write of 
F and then is 
There is a differ- 
ence in the coeficiens of contac- 
tion of ice and of the solids to 
; which it is frozen. Metals have 
tensile stresses are set up in the 
; ice, parallei to the interface. Like- 
wise, com ve stresses are 
duced in ice when ice is rt se 
) to which have ter co- 
ice. 
Ingersoll, et al,® discuss the 
orientation of crystals when water 
7 freezes. The orientation being that 
the long axis is normal to the cold 
| surface to which it is - 


tiny cavities. Under these condi- 
tions there are indeterminate in- 
ternal stresses. 

All tests conducted in the 
— of adhesion experiments 
can summarized qualitatively 
by saying that some organic sur- 
faces are effective in the release of 
ice, whereas most inorganic sur- 
faces are ineffective. 

In the report of Berghausen, 
et al,’ it is stated that “It seems 
unlikely,...... , that any wholly. 
inorganic coating or material of 
the type of most metal oxides or 
salts will ever be found such that 


Fig. 2 Stress versus tem- 
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the adhesive bond to ice is weaker 
than the cohesive strength of ice. 
Very probably the only types of 
coatings of surface treatments which 
will lead to ready release of ice 
from surfaces are those in which a 
surface of covalently-bound atoms 
is presented to the ice.” This state- 
ment covers all results noted above, 
especially the results that accrued 
from tension tests. 


EXPERIMENTAL DISCUSSION 
The test apparatus and equipment 
used was that prepared by Stein’? 
with some modifications. The shear 
puller shoulders were widened so 
that after separation, the corners 
of the r were not dragged 
across of the 
face. The mold shape was changed 
from square to round, and larger 
holes for air escape were made in 
the mold. The can containing shot 
had a conical bottom placed inside 
to improve the feed of the shot. 
Tare weights were made to elimi- 
nate one of the weighing steps. 

Fig. 1 shows the ice frozen to 
a vertically positioned surface. The 
pull was applied in a vertical di- 
rection by a simple lever system. 
With the tare in the weighing 
bucket and the apparatus in place, 
the lever arm was balanced. The 
force necessary for separation was 
measured as the amount of shot 
added to the bucket to cause sepa- 
ration. This value was adjusted for 
the lever arm ratios. The rate of 
flow of the shot into the bucket was 
checked to be sure that uniform 
rates of force application applied 
to all tests. 

Preliminary tests were con- 
ducted to establish a uniform 
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paring the equipment. 
felt that’ this Pa as 
uniform results as ible. 

The most uni ice forma- 
tion a tly resulted when the 
holder and the surface were pre- 
cooled to the test ture, the 
puller and the mold inserted at 
room ture and the water 

into the molds at some 
chilled t ture. Throughout 
this experiment the water was a 
in a refrigerator at 40 F up to 
time of . This procedure 
allowed the ice to freeze with crys- 
tals normal to the surface and to 
reach the coldest in 
the same time for test. No 
imperfections were noticed at the 
interface when this procedure was 
followed. 

No large change in stress was 
expected over the range of tem- 


peratures here. The stress 
values at higher temperatures were 
considerably lower, but failure of 


the interface oxhibited definite 
sliding of the ice over the surface 
before the sudden release which 
was looked for as the end of the 
test. This sliding was visible on 
the apparatus during the test and 
also on the test surface after sepa- 
ration. 

Failure of the joiut with slid- 
ing did not agree with the defini- 
tion of failure followed in this dis- 
cussion and therefore was elimi- 
nated. Failure following sliding 
indicates that failure is a function 
of the loading rate. Several checks 
were made on this point by stop- 
ping the men as soon as sliding 
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was observed. Sliding continued 
until failure occurred. The total 
load was less than would have 
been applied had the load been 
riod while sliding occurred and 
before the ice left the surface. The 
sliding did not stop when the load- 
ing stopped. 


THEORETICAL DEVELOPMENT 


When the data from the experi- 
ments were plotted on coordinates 
of average shear stress against tem- 
ture for each surface, it was 
observed that there was a definite 
tendency for the average shear 
stress values to decrease as the 
temperature increased. This sug- 
gested the use of a Receiver 
curve to the data since, 
as stated by Lipka,’ “Simple curves 
which approximate a large number 
ye “a irical data are the parabolic 
e hyperbolic curves. The 


cation of such a curve is y = 
abolic for b itive and 

Using the method of least 
squares values of a and b in 
the equation S = aT” were cal- 
culated. S was the arithmetical 
average of the shear stress in psi 
for a given surface at a given tem- 

ture, T, in degrees Rankine. 

Table I was prepared to indi- 
cate how closely the calculated 
curve fit the experimental data. 
The tabulation shows the stress as 
calculated from the equation for 
each temperature, the difference 
between the experimental and the 
curve value, he oe percent varia- 
tion from the experimental. Fig. 2 
is a plot of stress versus tempera- 


they i 
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ture in degrees Fahrenheit. The 
curve is the derived equation and 
the spotters represent the arith- 
metical averages of the experi- 
mental data. 

When the absolute tempera- 
ture was used, the equations in- 
volved constants of quite large 
magnitude so that to obtain more 
meaningful results further manipu- 
lation was used. The Rankine tem- 
perature, T, was replaced here by 
460 + t, where t is in degrees 
Fahrenheit. Then the equation S 
= a(460 + t)> was expanded by 
the binomial theorem. In the re- 
sulting expansion only those terms 
to keep the shear stress value with- 
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in plus or minus 0.5 of the 
value calculated with original 
equation. The resulting equation 
is of the form, S = c(1 — dt + et? 
— ft*). Table II is a tabulation of 
the values of the constants for each 
surface which satisfy the above 
conditions. 
DISCUSSION OF DATA 
AND RESULTS 


Table III gives for the four surfaces 
tested the arithmetical averages at 
several temperatures in the tem- 
perature 1-6F. The results 
shown in Table III and in Fig. 2 
indicate a definite tendency toward 
decreasing strength with increas- 
ing temperature and large differ- 
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individual tests. Figs. were 
plotted with curve that fits 
the desired equation 
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ences in adhesive strength for the 
various types of surfaces. The ice 
adheres most strongly to the ano- 
dized aluminum surface, next to 
the stainless steel, and then much 
more weakly to the two Teflons, 
white and black. 

Ice will adhere more strongly 
to an oxidized metal surface; 
anodized surface being a com- 
pletely oxidized surface verifies 
this statement. According to re- 
sults mentioned in the literature 
survey, the data are thus in cor- 
rect order. The stress for metallic 
surfaces is than for organic 
surfaces and the stress for the com- 
pletely oxidized surface is greater 
than that for the incompletely 
oxidized surface. 

In Figs. 
stress values for individual tests 
are plotted along with the curve 


«+ 
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Table IV Shear Stress Temperature Data For Removal of Ice From 
Anodized Aluminum 
Arith. 
Avg. 


356.7 


that fits the derived equation. These 
same values are tabulated in Tables 
IV, V, VI and VII. The values have 
been grouped numerically from 
the lowest to the highest for each 
temperature. These tables have 
been included as the statistical 
analysis of the data. The arith- 
metical mean has been tabulated 
as, “the arithmetic mean of a sam- 
ple is the best estimate of the 
mean of a population.”® The stand- 
ard deviation is included as, “the 
standard deviation of a sample is 
the best estimate of the scatter in 
the population and is used to rep- 
resent the ead.”® The same 
author also Bi that a sample 
usually has two-thirds of the data 
within the spread, arithmetic mean 
plus or minus the standard devia- 
tion. In the fifteen groups of sam- 
ples this latter statement can be 


Absolute Value Standard 
Stress—Avg. Deviation 
psi psi 
145 14.4 
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psi psi 
342.2 
7 351.8 
356.6 0.1 
376.3 19.6 
es 270.8 323.2 52.4 36.2 
290.8 32.4 
330.4 7.2 
336.4 13.2 
339.8 16.6 
370.7 475 
294.8 321.4 26.6 23.6 
317.6 3.8 
320.8 06 
352.8 30.9 
265.3 303.5 38.2 28.6 
300.2 33 
316.5 13.0 
332.1 284 
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seen to be true. 

From Table I, it can be seen 
that the deviations are small ex- 

for the black Teflon. This re- 
sult was expected as the black 
Teflon surfaces used were not uni- 
_ formly alike in roughness as were 
the other surfaces. Thus, these re- 
sults have an additional variable 


involved. 
Numerical accuracy of the 


stress values is high. The one 
measurement involved was the 
gross load of the load and 
lead shot at the instant of separa- 
tion of the interface. The scale 


used was checked for accuracy 
with dead weights and was found 
to be accurate to the ounce. At 


-the same time the sensitivity was 


determined and even at the loads 
involved the scale was found to be 
sensitive to weights of less than 
one ounce. These loads were mul- 
tiplied by three, the lever arm 
ratio, which was correct as meas- 
ured in several trials made with 
an engraved, steel scale. 

ounces were converted to the near- 
est one-tenth of a pound. The aver- 
age values then should be correct 
to within two-tenths of a pound. 


Table V Shear Stress Temperature Data for Removal of Ice from 
Stainless Steel 


Arith. 


+ 


Avg. 
psi 
248.3 


emp. 
F 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
a 
4 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
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Absolute Value Standard 
Stress Stress—Avg. Deviation 
psi psi psi = 
235.5 12.8 9.4 > 
246.0 2.3 aa 
248.6 0.3 
249.6 13 
261.8 13.5 
216.2 241.2 25.0 19.0 
228.8 12.4 
239.3 19 < 
244.9 3.7 
245.6 44 
272.6 314 
202.5 237.9 35.4 215 
222.9 15.0 
224.4 13.5 
246.2 8.3 _ 
2554 175 
257.1 19.2 
257.4 19.5 
174.6 235.8 61.2 36.8 3 
229.6 6.2 
250.5 14.7 
258.8 23.0 
265.7 29.9 
170.8 231.3 60.5 36.4 * 
228.6 2.7 
240.0 8.7 
251.4 20.1 
265.5 34.2 ; 
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Table Vi Shear Stress — for Removal of Ice from 


Shear Arith. Absolute Value Standard 


Avg. Stress—Avg. Deviation 
psi psi psi 
75.1 175 24.2 


+ 


Table Vil Shear Stress Temperature Data for Removal of Ice from 
Black Teflon 


Arith. Absolute Value Standard 
Stress Temp. Avg. Stress—Avg. Deviation 


psi F psi psi psi 
74.8 I 92.4 17.6 15.8 
96.9 ! 45 


o 


45.0 12.2 8.3 


‘ess 
psi 
57.6 
60.0 
61.9 13.2 
75.0 0.1 
78.2 3.1 
117.8 42.7 
53.1 68.2 15.1 13.46 
58.4 9.8 
59.3 8.9 
_ 61.7 65 
66.0 2.2 
72.2 4.0 
81.0 12.8 
= 93.8 25.6 
54.4 66.3 119 10.9 
56.4 99 
58.9 74 
72.6 6.3 
: 77.1 10.8 
78.2 119 
32.8 
40.9 
47.1 2.1 
48.8 3.8 
54.4 94 
36.0 $5.0 19.0 18.9 
j 38.4 16.6 
51.46 3.4 
: 72.6 17.6 
76.5 215 
38.4 494 11.0 15.3 
41.3 8.1 
46.1 3.3 
71.8 22.4 
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CONCLUSIONS 
Work carried out in this experi- 
ment, including the preliminary 
phases, confirms that ice is not a 
uniform structure of crystals that 
has a unique strength of adhesion. 
Rather, ice is formed with imper- 
fections between crystals that make 
weak spots, which influence the 
results obtained from strength 


tests. However, on the average 


there is a strength of adhesion 
which is a characteristic of the ma- 
terial to which the ice is frozen 
and which is a function of the 
temperature. It is believed that 
tests carried out in the same man- 
ner will provide results within the 
same limits determined in this ex- 
periment. It is also believed that 
the equations derived may be 
per beyond the range in- 
volved. According to observations 


in this experiment, if carried above 


10 F, slow sliding will be present 
before the sudden failure. The 
prediction for the failure strength 
of thicker samples of ice is also 
open to question, as the larger vol- 


R. C. Epwanps: It was stated that some ice 
stuck to the surface itself. My question is 


umes provide greater possibili 
flaws in the ice which will p 
different results. 
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Ray C. Epwanrps, Pompton Plains, N. J.: AuTHor STENE: The case where the ice a 
What is the shearing stress of ice itself as actually stuck to the surface was that of a 
compared to the adhesion strength? If there pulling the ice from the surface. In this case, . 2 
were a hollow of metal at that point in the it is quite certain that a combination of ¥ 
surface and there was ice there, how would shearing strength in the ice as well as adhesion 3 
you shear it off? strength on the surface is obtained. In the “4 
set-up for the tests which were conducted ci 
Autuor STENE: The surfaces which we were and which are shown here, the shearing — 
treating, with the possible exception of the strength of the ice itself was not obtained be- = 
teflon surfaces which do have some ability to cause in these tests there was no ice left on bo 
bend, were really flat surfaces. They were the surface; all the ice was completely re- at 
checked by various methods for being flat as moved from the surface. : 
well as smooth. The condition you mention 
not in ted. 
L. F. It is interesting to note that 
anodized aluminum was used. Would there 
have been any difference if plain aluminum 
were you, in some cases, measuring the had been used? In other words, you are 
shearing strength of the actual ice itself or probably getting some surface phenomena < 
the adhesive strength? other than with just the plain aluminum metal. a 


and the method of least squares was used 


4 
F tests in the preliminary certain form of equation, then apply the — 
ade with plain aluminum 
plain aluminum, you ru 
. of not being able to us —_— 
' om the point of view tha — 
; rather rapidly. If | 
fter it has been polished determine the values for a and b. | 
another is tested twenty- | 
ishing, you are not getting my, Syracuse, N. Y.: 
: This is one reason for a sufficient amount a |: 
: surface which is a com- hat character so that t ae 
urface and which would h other words, was sa 4 
; lear. The samples were not » that there could be g 
were anodized. p present. There would 
t otherwise it would si 3 
surface, some sort of hydrogen ess. used 4g 
occur. senting Did your tests include a mixture 3 
Avtuor Srene: This is correct. = 
an NE: None of these tests included 4 
_ L. F. Avemicnt: It was mentioned thet least them. The brine would, of course, i} 
ap squares was used. Were you using a straight lother problem into the structure if 
an line, because you would normally assume a —6hawR 
4 
if 
a 
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Heat and Mass Transfer 
in Dehumidifying Surface Coils 
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In an air conditioning heat ex- 
changer, such as a cooling coil, 
both heat and water are removed 
from the air. The added complica- 
tion of vapor diffusion together 
with the transfer of heat confronts 
the refrigeration and air-condition- 
ing engineer with special problems. 
finding a proper method for rating 
and making performance calcula- 
tions for the reat and mass trans- 
ferred. Much research and analy- 
sis has been devoted to this prob- 
lem and yet the fundamental basis 
for the methods now in use is de- 
batable. In an attempt to achieve 
simplicity in application, assump- 
tions have been made or empirical 
equations proposed. Aside from 
the loss in accuracy, especially if 
the operation conditions differ from 
Ww. L Bryan is Associate Professor of Heat 
and Power, Mechanical 
Case Institute of Technology. “his pai the 
result of research sponsored by ASHRAE in 
ge with the Case Institute of Tech- 

was prepared for presentation at the 


AE 68th Annual Meeting in Denver, 
Colo., June 26-28, 1961. 


e, the basis 
s not been 


the conventional ra 
for the assumptions 
fully justified. 

Each of the commonly used 
methods, Contact Mixture Analogy, 
Carrier, and Humidity Method, 
Tuve and Seigel,? assumes that the 
“Lewis relation,” Lewis,’ applies. 
Lewis stated that the coefficient of 
heat transfer divided by the coeffi- 
cient of vapor diffusion through a 
gas film is constant and equal to 
the humid specific heat of the gas. 
This relation was derived for the 
case of unsaturated air flowing 
over a free water surface and does 
apply with accuracy in the case of 
proper wet-bulb determination as 
shown by Carrier* and others,® but 
the assumption that this relation 
applies to dehumidifying coils has 
not proven correct.* One is justified 
in assuming a Lewis relation at one 
only on the basis of simplicity with 
an accepted loss in accuracy. The 
relatively more complicated en- 
thalpy potential methods’:* also are 
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based on a Lewis relation equal to 


one. 

Based on the assumption that 
the Lewis relation applies, the sur- 
face temperature the coil for 
heat transfer is obtained by calcu- 
lation. Although this temperature 
may be specified as a hypothetical 
value, it must be considered an ap- 
proximation to the actual surface 
temperature required in determin- 
ing the temperature of the refrig- 
erant inside the coil. For a deep, 
extended surface coil or one oper- 
ating at moderate load ratios, the 
accuracy is usually sufficient for 


engi i . In the case 
of coils or shallow coils, 
the actual surface tem ture ma 
be greatly different the 
culated value. 

In this first report on the co- 
operative research project, experi- 
mental results are given for the 
transfer of mass and heat by a bare 
surface coil under conditions of 
measured surface temperature. Ex- 

rimental data are given for the 
t and mass transfer coefficients 
and a simple fundamental equation 
is given for the actual coil surface 
temperature. 
EXPERIMENTAL APPARATUS 
A line diagram of the experimental 
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apparatus is shown in Fig. 1. The 
apparatus was located on the bal- 
cony of the Mechanical Engineer- 
ing Laboratory, which was large 
and well ventilated, so that recircu- 
lated laboratory air could be used. 
The intake air was humidified and 
heated before the fan and metered 
after a duct run. The sensible and 
latent condition of the air was de- 
termined before and after the coil 
by wet-bulb and dry-bulb ther- 
mometers and dry thermocouples. 
Care was taken to mix the air after 
the coil and check the leaving air 
condition after a set of straighten- 
ers. The air was metered again 
before discharge to the room. 
Considerable work was done 
on the calibration of the tempera- 
ture and flow measuring equip- 
ment. Orifices and nozzles used to 
meter the flow were checked by 
combination and pitot tube tra- 
verses and all flow pressure meas- 
urements were e with micro- 
manometers. Matched mercury in 
glass thermometers of 0.1 F accu- 
racy and copper-constantan ther- 
mocouples through a type K po- 
tentiometer with an electronic null 
indicator were used to measure 


Fig. 1 Diagram 


temperature. 
| _ The six experimental coils in 
nome wenow 
; 


Heat AND Mass TRANSFER IN DEHUMIDIFYING SURFACE CoILs, BRYAN 


staggered arrangement formed the 
test section, giving a six-row dee 
ered bare coil, Fig. 2.° Eac 
il was insulated electrically and 
supplied through rubber connec- 
tors with cooling water from a sup- 
ply header and return header such 
that the water flowed in parallel 
through each coil. With a high 
rate of water flow, the refrigerant 
ture could be maintained 


The actual wall temperature 
of the individual tube coils was 
measured by using each coil as a 
resistance thermometer in a Kelvin 
bridge circuit. The bridge circuit 
read the tube resistance to % 


* Data under Fig. 2 for experimental coil: 
Tubing 0.500 in. O.D., 0.450 in. I.D., copper 


Outside surface area 8.826 ft? 
Face area 1.911 ft? 
Net flow area 


Ratio outside to inside surface area 


Fig. 2 Experimental test 
section for six-row bare coil 


micro-ohm for a resistance-temper- 
ature ratio of 4 micro-ohm per de- 
gree F for a tube surface tempera- 
ture aceuracy of better than 0.2 F. 
The temperature of any one of the 
six rows was determined independ- 
ently of the others. 

The heat and mass transferred 
were determined by the tempera- 
ture and humidity measurements 
of the air before and after the coil. 
The rate of mass transfer was 
checked also by measuring the rate 
of condensate from the coil. 


RESULTS 


Tabulated data and results of the’ 
experimental tests on the six-row 
bare coil are given in Table I. The 
surface temperature of each coil 
row was determined separately; 
however, the variation from row to 
row was usually less than 42 F so 
an average surface temperature for 
the total coil is given in the table. 
The sensible heat transferred and 
the latent heat, or mass transfer, 
tabulated are mean experimental 
values calculated from the data by 
enthalpy balance, temperature 
change and condensate measure- 
ments. 

Since the refrigerant and thus 
the tube surface temperatures were 
substantially constant throughout 
the coil, the heat transfer coeffi- 
cient was determined by using a 
logarithmic-mean temperature dif- 
ference between the entering and 
leaving air and the mean surface 
temperature of the coil. 

The heat transfer coefficient is 


(1) 


(DB—t.) dA 
(2) 


an 
dQ. = M. dDB 
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3 
substantially constant throughout 
the coils. 

1.111 

4 ' 

- at 
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Table | Data and Results 
I 2 3 4 5 6 7 8 9 10 | 
Run Face Coil HeatTransferred Entering Air Leaving Air Coefficients 
No. Velocity Surface Sensible Latent Temp. Humidity Temp. Humidity Heat Mass 
Temp. Ratio Ratio 
fpm Fs Btu/hr Btu/hr DB, Ww; DB. Ww: h hp 
1270 43.2 2690 2430 «699.9 «8.0185 83.0 .0162 7.2 22.6 
2 130 §=—6. 42.0 2620 2690 92.9 0185 82.5 0160 6.5 24.8 
3 150 444 2900 4540 97.2 0240 87.3 0206 69 283 
4 152 4.1 2840 4946200 (96.7 0242 87.1 6.7 303 
5 163 55.2 2370 4930 66 .027! 88.2 0234 73. .333 
6 164 55.5 2490 4690 94.8 .0257 87.1 0224 80 32.9 
7 164 434 3230 5540 99.6 0260 896 0237 7.2 295 
8 166 43.3 2130 5620 983 0254 887 0237 7.1 25.9 
9 167 420 2770 2760 90.2 O57 81.7 0141 61 24.1 
10 172 470 2570 1360 88.0 0130 805 7.7 37.7 
18! 70.0 2620 2270 105.5 97.9 0225 9.4 31.3 
12 182 42.9 2890 1970 89.0 0148 80.8 0135 78 252 
13 187 74.3 2310 1360 104.4 0229 97.9 0219 98 37.7 
14 189 43.2 3390 «4922.3 0247 83.0 0216 8.6 29.7 
15 190 42.9 3320 5210 915 0216 $2.5 0183 8.6 37.7 
16 193 43.3 3070 4220s 198 82.3 0176 8.1 29.2 
7 204 64.1 2440 «862910 9.7 0226 90.6 0209 94 35.2 
18 204 64.3 2570 0229 91.0 0209 9.8 284 
19 206 43.0 2940 2680 107.0 014! 80.1 0131 8.2 26.3 
20 213 42.2 3130 1880 87.8 0135 80.3 0123 85 269 
21 226 442.5 2900 3440 83.5 0172 77.0 0154 87 86345 
22 235 439 42.2 3220 1980 87.2 0180 80.2 O19 88 314 
23 245 444 3300 3490 88.5 0164 81.6 0148 9.2 36.0 
24 26602 42.5 3130 2350 82.0 014! 76.0 0130 9.8 32.4 
25 267 45.1 3290 3430 88.3 0159 82.0 0147 94 353 
26 268 42.8 3400 2820 844 0146 77.9 0133 10.1 36.7 
28 274 ‘755 4400 6620 986  .0254 904 10.7 3846 
29 «S64 «3810s: 5750 «(1000 0257 «92.9 0233 40.1 
30 280 429 3090 3550 807 0158 75.1 0146 10.0 33.4 
31 284 73.0 2830 3740 =—s:103.1 .0278 97.9 0262 11.8 44.0 
32 285 73.0 2800 3680 103.0 .0278 97.9 0265 115 33.1 
33 290 48.3 4690 2830 96.2 0147 88.0 0135 11.8 43.3 
34 292 66.4 3540 4940 106.6 .0272 100.3 a 10.9 43.1 
35 302 55.5 4290 6100 104.3 0253 97.0 0227 10.8 44.9 
36 3560 45.3 4440 89-6 0187 83.1 .0170 12.2 39.0 
370s 358 462 3480 4460 83.2 0188 78.2 0173 11.0 423 
38 358 47.1 3840 5960 86.5 .0207 80.9 0187 11.9 46.2 
39 «358 84.0 0230 87.9 0211 12.2 43.4 
40 3590 45.3 4150 4140 87.6 0182 81.6 0168 120 468 
4! 36! 63.6 2170 1200 86.3 0164 83.2 0160 11.6 35.3 
42 363 64.6 2040 1510 86.3 0167 83.4 0160 1.2 
83 363 73.2 2730 95.2 .0288 91.3 0272 12.5 50.2 
4 39 85.5 1470 —— 101.3 .0282 992 0281 11.2 — 
j.370~ 85.7 1610 —— 102.0 .0262 99.7 0262 119 
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Table | — Continued 
46 370 45.2 4050 3550 84.6 0169 74.0 .0157 12.2 38.0 
47 370 470 4250 6530 881 0223 822 13 640.8 
48 370 44.3 4480 6180 88.9 .0233 82.7 0212 Wg 43.2 
49 371 85.4 1540 — 100.3 .0280 98.1 .0257 12.5 — 
51 374 746 2540 4840 101.4 .0300 97.9 .0286 15 426 
52 374 45.6 4350 5550 88.0 .0221 82.0 .0203 12.3 40.2 
53 375 745 2620 4800 1015 97.9 0286 118 46.7 
54 376 466 4370 4050 89.6 0176 836 0163 124 416 
55 377 49.1 3890 9320 88.0 .0268 82.8  .0238 55.7 
56 378 47.1 3770 2440 85.0 .0132 80.0 .0124 119 42.4 
57 378 485 4260 6980 885  .0232 828 125 502 
58 379 48.1 4620 6020 92.2 0210 86.0 0191 125 502 
59 379 48.1 3770 6090 86.0 81.0 0195 11.9 50.7 
60 381 53.1 4810 7840 1039 97.4 0247 468 
61 382 53.3 4600 7380 102.3 .0263 96.1 .0236 JIS 56.0 
62 383 63.7 3440 5960 993 .0274 94.7 025) 1.9 56.1 
63 385 52.7 4640 7160 «101.8 .0270 95.6 .0233 11.3 -48.0 
64 «386 «49.4 «5490-7260 
65 387 48.1 5560 6210 99.9 0225 92.5 0207 125 414 
66 460389 63.7 3490s 5830 98.3) 0265) 
67 389 «649.6 «9080 «0287, «443 
68 393 468 4550 8330 94.0  .0262 88.1 0236 116 496 
69 406 483 4290 6120 935 0278 87.0 .0209 114 432 
70 436 42.2 4230 4190 835 0146 786 .0135 123 51.9 


by combining an integration, the 
coefficient for the total coil is: 


hA DB, — ts 
n 
M, Ch DB: a. ts 


The coefficient of mass trans- 
fer is defined in an analogous man- 
ner with a driving potential char- 
acteristic of the mass-transfer proc- 
ess. There being no agreement on 
the best parameter for the mass 

tential, the ‘most convenient, the 
umidity ratio difference was used. 
The mass transfer coefficient is de- 


| (3) 


fined by: 
W.—W. 
(4) 
WwW: — Ww. 


The coefficients of heat trans- 


fer for these data were statistically 
correlated as a function of the coil 
face velocity giving the equation: 


h= 0.616 v** (5) 

The experimental heat trans- 

fer coefficient for the data is speci- 

fied by Equation 5 with a standard 

error of estimate of 0.650 or it is 
within + 6%. 

The coefficient of mass trans- 
fer determined in a like manner as 
a function of the face velocity is: 

hy = 1.313 V** (6) 

The mass transfer determina- 
tion was not as accurate as the heat 
transfer due to the more difficult 
measurements. Equation 6 gives 
the experimental mass transfer co- 
efficient within + 10%. 


Fog 


It is of interest to consider the 
value of the Lewis relation result- 
ing from the experimental data. 
The Lewis relation is 

h 


= constant (7) 


hp Cra 
The data for this bare coil 
a ratio of heat to mass as a 
tion of the coil face velocity. Using 
the mean value for the humid spe- 
cific heat for all data at 0.25 and 


uations 5 and 6 gives Lewis 


= 1.877V™" (8) 


hp ca 


The use of a mean humid spe- 
cific heat for any given point of 
data introduces an error of less than 
3%. Equation 8 represents the bulk 
of the data within 10%. Some 
points of data, however, fall out- 
side this range since errors occur- 
ring in the coefficients in opposite 
directions cause additive error in 
calculating the value of the Lewis 
relation. 

The state of the air at any 

x, in the coil can be deter- 
mined by the following equation 
when the surface temperature is 
constant: 


( ) 
) ho 


= Ww. 
( (9) 


w.—W. 

The derivation of this equa- 
tion, similar to Bull,’ is given in the 
Appendix. The exponent of the 
term for the water r content 
is the Lewis Relation (L.R.). If the 
L.R. equals one, the locus of the 
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air states the coil is a 
straight line. When L.R. is greater 
than one, the locus of states is a 


convex curve crossing the satura- 
tion line before ing the sur- 
face For L.R. less 


than one, the resulting process 
curve is concave and always below 
a straight line connecting the initial 
air state and the coil surface tem- 
perature on the saturation line. 
The experimental data pre- 
sented here for the bare coil give 
a L.R. always greater than one. 
The L.R. would be one at a face 
velocity of 540 fpm for this coil. 
The data range covered was from 
125 to 450 fpm 
ich gave a L.R. range of 1.16 
to 1.02. 
It is important to notice that 
a L.R. of one for a bare coil is not 
probable at air velocities below 
500 . An air velocity of ap- 
1000 fpm is required 
L.R. of one for small diameter 
single cylinders allowed to transfer 


Fig. 3 Psychrometric chart 
t for run No. 2 entering 
9F D.B. leaving 82.5F 

D.B. and 42F surface tem- 


perature 
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heat by both radiation and convec- 
tion. The p 
for sling psyc 

fore, around 1000 fpm.* » The radi- 
ation shielding in aspirating psy- 
chrometers'"' permits lower oper- 
ating air velocities. 


SURFACE TEMPERATURE 
The difference between the actual 
coil surface tem ture and the 
hypothetical Jom temperature 
used in the contact-mixture princi- 

le (by-pass factor method) or the 
oe umidity-ratio method should be 
evident. If the Lewis Relation is 

one, the actual temperature at the 
surface of the water film on the 
coil is the same as the surface tem- 
perature given by the contact-mix- 
ture aig 2 proposed by W. H. 
Carrier. is would occur at one 
operating velocity. At other veloci- 
ties two errors enter coil calcula- 
tions based on either of these two 


methods. The calculation of coil 
tests from the air side data alone 
results in a hypothetical surface 
temperature. calculation of 
the heat transfer coefficient from 
this hypothetical temperature gives 
a fictitious value. 

A graphical picture of this 
error in temperature is shown in 
Fig. 3, where the data from a rep- 
resentative run, No. 2, are plotted 
on a psychrometric chart. The en- 
tering, leaving and surface tem- 
— states are plotted. The 
ocus of the leaving conditions for 
a similar coil of increasing d 
is plotted also. When the coil 
comes infinite in depth the leaving 
state will be the coil surface tem- 
perature. The surface temperature 
~ by the contact-mixture meth- 

ae 60 F and that 
the humidity ratio method 62 F. 
Given sufficient surface in 


depth it is noted that the air is 


Fig. 4 Experimental coefficients of heat trans- 


fer vs. coil face velocity 
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cooled beyond the saturation line 
or into a “fogged” state. This con- 
dition is likely at low velocities and 
high Lewis numbers as approached 
in natural convection cooling. The 
phenomenon of fog dropping from 
a refrigerant suction line on 

down represents this condition. 


COEFFICIENTS 
A plot of the experimental coeffi- 
cients of heat transfer is given in 
Fig. 4. The solid line is the curve 
given from Equation 5. 

Tests were made for this coil 
under conditions of sensible heat- 
ing and without dehumidi- 
fication. The dotted line on Fig. 4 
represents these data. The values 
for the dry-coil coefficients corre- 
spond to similar data by others, for 
example, Kays.’* Since the air tur- 
bulence is greater during dehu- 
midification, it was e ed that 
the heat transfer coefficient for dry- 
cooling would be lower. 
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If the heat transfer coefficient 
had been calculated without knowl- 
edge of the coil surface tempera- 
ture curve “A,” Fig. 4 would have 
resulted. This is an approximate 
calculation of the coefficient by the 
contact mixture principle. This 
curve crosses the experimental 
curve at a Lewis Relation of one, 
approximately 540-fpm air velocity. 

The mass transfer coefficient is 
given in Fig. 5 and the solid line 
represents the statistical average 
curve for the data, Equation 6. 

In considering these data for 
analysis it was found more accu- 
rate and convenient to work with 
the summary equations. These 
equations represent the best statis- 
tical correlation of the data for 
heat and mass transfer. The corre- 
lation of the total data showed a 
high degree of accuracy, although 
the difficulties of accurately on 
uring the heat and especially the 
mass transfer was evident in sev- 


Fig.5 Experimental coefficients of mass trans- 
fer vs. coil face velocity 
= 


FACE VELOCITY fpm 


eral individual points of data. 

A further presentation of the 
data in generalized coordinates 
was not included here since the 
temperature dependence of the co- 
efficients is small and the evalua- 
tion of the coefficient of molecular 
diffusion and thermal conductivity 
for the air-vapor mixture is some- 
what a matter of conjecture. 


CONCLUSIONS 


It was the purpose of this paper to 
resent experimental data for the 
Feat and the mass transfer on a 
bare tube surface coil. The addi- 
tion of the experimentally deter- 
mined coil surface temperature 
rovided a direct evaluation of the 
t and mass transfer coefficients. 
This measured surface temperature 
was found to be much lower than 
would be expected from the pres- 
ent methods for surface tempera- 
ture calculations. These differences 
have been explained by the varia- 
tion with air velocity of the dimen- 
sionless ratio designated the Lewis 
Relation. 

The Lewis Relation has an ex- 
ponential effect on the air states 
as the air progresses through the 
coil. For a small change in the 
Lewis Relation, a large change of 
the coil surface temperature is re- 
= to produce a given coil per- 
ormance. 

The results presented were 
tabulated and plotted for the coil 
face velocity at the given entering 
air state. This was found to be 
satisfactory, since the dependence 
of the coefficients on the tempera- 
ture was negligible over the data 
range. Thus the summary equations 
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for the coefficients (Equations 5 
and 6) were given as a function of 
the face velocity. For analysis, 
these equations give the results in 
a more useful form than the points 
of data in Table I. These corre- 
lating Equations, 5 and 6, can be 
used in deriving the Lewis Rela- 
tion, Equation 8. 

The coefficient of heat transfer 
for dry cooling was found to be 
lower than when the coil was oper- 
ated with dehumidification. One 
would expect that the friction fac- 
tor was lower also for dry cooling. 
Unfortunately, the core pressure 

taken with these data was 
quite small and the accuracy of the 
measurement was not sufficient for 
conclusions. 

This research project is con- 
tinuing and similar data for an ex- 
tended surface coil with the addi- 
tion of friction data should be 
available in the near future. 
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NOTATION 


DB Dry bulb temperature of the air, F 
WB Wet bulb temperature of the air, F 
teSurface temperature of the coil, F 
Qs Rate of sensible heat transferred, Btu/hr 
Qu Rate of latent heat transferred, Btu/hr 
My Rate of mass of water transferred, 
Ibm/hr 


AHeat transfer area of coil, ft? 


‘ 


of from air to 
surface, Btu/hr ft? 
air, lbm/hr 
Ca Humid specific heat, Btu/Ibm R 
taNapierian or natura! logarithm 
hpCoefficient of mass transfer, Ibm/hr ft* 
W Humidity ratio, Ibm water/ibm air 
VCoil face velocity of the air, fpm 
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APPENDIX 
Over a differential element of a coil dw 
surface, the air changes temperature —_— = 
by SDB and at the same time is re- dDB 
duced in moisture content by 4W. The Ce 
total heat transferred to a surface ele- (e) 
ment, dA, is the sensible heat from h 1 
the air and from the water vapor in (DB—t.) —-* —Cr 
h W—W. 


the air and the latent heat equivalent 
of the water condensed from the air 


Qr Q. + Q. (a) 
The sensible heat transferred is 
Q.= hdA (DB —t.) 


The humid specific heat, ca, is used to 
account for both the cooling of the air 
as well as for the cooling of the water 
vapor in the air. The desupe 
of the water condensed on the differ- 
ential element is 

M, (DB —t.) dW 
and the equation for the sensible heat 
transferred at the differential element 
is: 

h (DB — t.) dA = — M,  dDB — 

(DB—t.) dW (c) 


The latent heat or mass of water con- 
densed on the differential element is 


AQ = he (W— W,) dA= 
—M.dW (d) 


By combining equations c and d the 
ratio of the mass change to tempera- 
ture change can be obtained 


For a constant surface temperature 
this equation can be integrated over 
the total coil surface. Note that the 
specific heat of the superheated steam 
in the air c, can be represented as 


Cu — Ca (f) 
Ww 


this substitution and inte- 
from initial state 1 to final 


hp Cr Ww.—W. 
( Ca — Ca W: 
Ca 


| 
DB, —t. 


(g) 


It can be seen that the second term on 
eft contributed by the desuper- 
of the condensed water is 


the 
heati 
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igible. Making this simplification, 


is 


differences 


to the ratio of the humidity 

differences to an exponential 

a The exponent is the Lewis Re- 

ation. The locus of 

h ture at any point, x, in coil is then 
o) given by Equation 9 in the paper. 


It is to be noted here that the ratio 
of the temperature 
equal 


ratio 


h 


uces to: 


( 


equation 


the 
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DB: — W.—W. 
— 
DB, —t, WwW. 
distribution in the bound- 
the same as the temperature % 
the boundary-layer, then the 2 
is not correct. That is to say, if ’ 
r is not one, then our friction re 
be corrected. These corrections % 
e and they have been further = 
mt into liquid metal heat trans- " 
type of analogies follow in the i 
ansfer, where Schmidt number a 
he enterin 
if the 
the devia ie 
ber 1.1. 


_ ASHRAE 


TRARSFER 


MER 
+4 


with a given amount of mass transfer, whether 


these could be straightened out and to find 
the quantities of heat were measured. There- 


important variable, too; the amount 

transfer, for example, would affect 

transfer. Would it be possible for y: 

baek in your data and to recorrelate 

out how much effect the amount of mass 
prom Bh gre fore, the coefficient of heat transfer and the 

coefficient of mass transfer were calculated 


ing accuracy even if the state line is non- 


leaving airstate can be determined by 
straight line relation without losing engineer- 


previous. But it should be realized that 
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Three things to be 

; gard to this air state curv 
temperatures were to be 
entering and leaving air s 

i low curve, this slight cu 

line would lead to an apy 

If the surface 

from the fundamental data. Also, from the 
fundamental data, we can calculate the ratio 
in rating the dehumidifying apy of the Lewis Relation for each specific _— 

L. F. Lafayette uld 

’ and 5, where the coefficien first 
and mass transfer were pl the 
velocity only, the obvious f ffi- 

; portant and the minimal number and Schmidt cient and when we calculated the relation 
number, etc. go into this. What is complicat- from the coefficient ratios. If the heat trans- 
ing, is the fact that both heat and mass trans- fer has an error in one direction and the mass 
fer occur simultaneously and that this is an transfer in another direction, then these are 


af 
BE 
Fe 


d 


applies to dehumidifying 

proven correct.” Although it is known that the 
Lewis Relation is not exact, there have been 
considerable data taken on commercial coils 
which indicate that, in practice, fairly accu- 


greatly magnified in extrapolation to 
uration line in order to dete 


conditions decreases. 

It would be interesting to know wi 
measurements were made of the water 
rate and temperature. These data would be 
valuable in two aspects. First, it would 
possible to calculate the water side heat 
fer coefficient, and, from this, the tube 
face temperature, which could then 
checked against the measured value. Secondly, 
a computation of the total capacity, based on 


‘the water side measurements, could be used 
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compounded in the Lewis Relation. Therefore, the enthalpy potential method, which is based 4 

it on the Lewis Relation, predicts coil perform- Ms 

ance quite satisfactorily. a 

It would appear to me that any attempt fe 

to calculate the surface temperature, or from eee 

it the heat transfer coefficient, using only the Das 

entering and leaving air conditions, is bound es 

to be highly unreliable, even if the correct it’ 

): Lewis Number is known. The reason is that Br 

even a small experimental error in either the a 

entering or leaving air conditions will be nf 

in air conditioning. The problems involved in Po the sat- ne 
experimentally measuring the heat transfer the sur- = 

rate, mass transfer rate, and particularly the face temperature. This effect becomes more fe 

surface temperature, are not simple, and the and more pronounced as the change in air oa 

author is to be commended for his efforts on Me 

this difficult problem. oe 

In reading the paper, I was somewhat 

surprised to find the statement, “the assump- ey 

tion that this relation (the Lewis Relation) ne 

rate results are obtained using this Relation. ‘a 

Recently, in fact, the ARI committee for re- as a check on the air side measurements. ae 

vision of the standard for Forced Circulation Along the same lines, it would be interesting 

Air Cooling and Air Heating Coils, has ana- to know how closely the condensation rate a 

lyzed over 200 test points taken on more than measurements checked the air humidity dif- et 

20 wet surface coils, and has concluded that ference. ie 
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A “flexible” orifice is one in which 
the orifice area varies with pres- 
sure. Flexible orifices are of inter- 
est because of the large variety of 
flow rate- drop relations 
which may be obtained by various 
designs of the orifice and the method 
of supporting the orifice (see Fig. 
1) phenomenon of decreasing 
flow rate with increasing pressure 
drop suggests the use of these ori- 
fices as devices for the regulation 
of flow. Attempts have been made 
to use these orifices in refrigeration 
systems to yield maximum flow 
rates at design conditions and to 
decrease the rate with increas- 
ing ure differences. 

Holman’ investigated this prob- 
lem by comparing power consump- 
tion in a refrigeration system with 
expansion occurring through capil- 
lary tubes and through flexible ori- 
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fices. The orifices used by Holman 
were designed to provide a con- 
stant flow rate irrespective of the 
pressure difference. Holman ob- 
served that these uniform flow ori- 
fices required less power input than 
that required with ¢ capillary tubes 
at high condenser pressures. 

The objective of the present 
work was to determine the varia- 
bles which influenced the flow. 
After these variables had been de- 
termined, the problem was then 
one of correlation. 

geometries considered in 


Fig. 1 Qualitative flow char- 
acteristics observed 


Opening rote 
Sone 
2 utes fue 
Pressure 


this work were short, right cylindri- 
cal orifices with centered, cylindri- 
cal holes. The orifices were made 
of rubber. The support plates were 
flat with circular holes at least as 
large as the orifice. The fluid flow- 
ing was water at room temperature. 
Only steady flow was studied. 


THEORETICAL 
CONSIDERATIONS 

The steady flow continuity equa- 
tion as applied to a flexible orifice 
yields the mass flow rate as 

m=pVA (1) 
where M,, is the mass flow rate, p 
the fluid density, A the minimum 
area of the hole and V the average 
velocity at that section. Hence, t 
problem becomes one of determin- 
ing A, or d the minimum diameter, 
and V. 


Development of formula for orifice 
diameter—The diameter which was 
considered was the minimum ori- 
fice diameter under a loaded con- 
dition. Three effects were consid- 
ered to influence the change in 
minimum diameter. They were the 
“squash” effect, or the effect of 


Fig. 2 Cross-section of ori- 
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ee. the “twist” effect, 
or the effect of rotating the non- 
supported portion of the flow 
washer about the rim of the sup- 
port plate, and the effect of large 
changes in diameter of elements of 
the orifice. The latter effect is due 
to the build up of h stresses 
causing deviation from “small 
deflection” theory. 
The squash effect was devel- 
u the following 
assumptions: (1) constant volume 
of rubber, (2) no change in outside 
diameter, (3) the change in thick- 
ness At is small compared to the 
thickness t and (4) only the sup- 
ed portion of the washer de- 
orms axially (see Fig. 2). The above 
assumptions lead to 


7 
(B* — D’) — (2) 


Equation 3 will be used to define 
a compression modulus similar to 
Young's Modulus, which will be 
called the effective modulus for 


squash, E,, 
(3) 


where AP is the uniformly distrib- 

uted load on the orifice. Combining 

Equations 2 and 3 yields 
4P 

(B? — D’?) —— = d*— 
E 


(4) 


or Equation 4 may be written in 
the form 
| 


4d=d’ E 
E. 


(5) 


where Ad is the change in mini- 
mum diameter. The positive radical 


i, 

: 

fice showing squash effect ‘ 

= 

¢ 

if 


has no meaning in this problem, 
since it would indicate a Ad when 
AP is zero, an impossible situation. 
It was desirable to non-dimension- 
alize Equation 5 by dividing each 
side by 2t in order to get the squash 
effect on the diameter in the same 
form as the twist effect. Thus, 
Equation 6 is the final form for the 
squash effect. 


Ad 
2t 


(d’)’ 
(6) 
The twist effect was developed 
by considering the portion of the 
flow washer which was not sup- 
ed by the back-up plate. This 
of the a ring, 
simply supported — its outer 
mse «i on its lower edge. It was 
assumed that the supported portion 
of the flow washer did not influ- 
ence the twist effect (see Fig. 3). 
The determination of the angle of 
twist @ and the minimum hole size 
based on this angle and other geo- 
metric factors were studied. 
For small angular deflections 
in a ring of rectangular cross sec- 
tion rotating about the geometric 


SP B— 


Fig. 3 Cross-section show- 


ing twist effect 
Prore 
| 
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center of the rectangle, Timoshen- 
ko* gives the formula 


12M 


(7) 


D 
Et? in — 
d’ 


where M is the twisting moment 
uniformly distributed around the 
ring and E is Young's Modulus. 
Equation 7 results from the inte- 
gration of a differential relation be- 
tween @ and t. When the rotation 
is about the peripheral corner in- 
stead of the center of the rectangle, 
the limits of integration are changed, 
resulting in 


Fig. 4 Sketch for deriving 
the uniformly distributed mo- 
ment M 
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3M 
(8) 


D 
in— 
da’ 


Equation 8 here is used to define 
E,, the effective modulus for twist. 
It is assumed that this equation is 
valid for large angular deflections. 

The moment M was calculated 
by assuming the ring to have a uni- 
form load AP distributed across its 
top surface, and no other loads 
were present except the simple sup- 
port along the lower periphery (see 
Fig. 4). The moment dM on the 
element d¢ is equal to the moment 
of the load dM, minus the moment 
of the support dMr, or 


dM =—dMz + dMr 
Consider first dM,, 


am. x (x — dx 


(9) 


(10) 
or dM: = 
3 3 2 
Fig. 5 Photo- 
graph of test sec- 


tion 


Now consider dMr, 


dM, = dF (R—r’) (11) 
or 
= 4P 2 d¢ (R—r) 
(11a) 


Integrating d¢ for ¢ varying from 
0 to 2 and substituting into Equa- 


tion 9 yields 
M r” 
= (R—r’) — 
24 4P 2 
[ rR’ ] 
3 3 3 2 


(12) 
Equation 12 may be reduced to 
M=— 


(13) 
Substituting Equation 13 back into 
Equation 8 gives 
4P 


D 
E; 41n— 
d’ 


* 
— 
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3 a” ] 
2 

(14) 
which is the final equation for the 
angular twist in radians. 

The twist effect was consid- 
ered Sate upon the angle of 
twist 6 geometric factors. The 
assumptions were that during de- 
flection the rectangular cross sec- 
tion did not deform and that each 
rectangular section rotated about 
the point of contact with the sup- 
port. These assumptions lead to 
point C rotating on the arc of a 
circle having its center at A and 
radius AC. The diameter of the 
hole at C is the minimum diameter 
at any angular deflection 6. 

The change in radius as a func- 
tion of @ is given by the equation 

Ar = AC cos (8 — ¢) — (R—r’) 
(15) 
where £ is the angle between the 


diagonal and the of the rec- 
tangle. Thus 
B&B = arc tan (16) 
R—r 


Expanding cos (8-4) and using the 
R-r 


identities cos 8 = —— and sin 


AC 
8 = — yields the expression for 
AC 


Ar, 
4r = (R—?r’) (cos@—1) + 
tsine (17) 
17 through 
by 2 and then dividing each term 
by 2t yields the final expression 
Ad (D—d’) 


— 


2t 


(cos @— 1) + 
singe (18) 
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Equation 18 gives the dimension- 
less change in diameter as a func- 
tion of @ and geometric properties. 


Effect of large strains on the diam- 
eter change — The assumption of 
small deflections, both linear and 
angular, has been made. The maxi- 
mum unit strain was on the order 
of 50%. The maximum angular de- 
flections were 30 to 50 deg. Thus, 
it is apparent that this assumption 
is not valid. The main effect of 
the e deflections is to cause 
distortion of the rectangular cross 
section of the flow washers. In 
each case, squash and twist, the 
effect is to cause the change in 
diameter of the flow washers to 


| | 
Fig. 6 Schematic 
diagram of test 
section 
sige 
“ 
| 
Pressure Tops 
Tronsporent 
Fluid Discharge 
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counteract the combined effort of 
squash and twist so that the change 
in diameter is less than : 

In the case of squash, as the 
hole becomes smaller the rubber 
immediately surrounding the hole 
gets stiffer until, in the limit where 
the hole vanishes, the washer is 
essentially rigid. In the case of 
twist, the lateral forces between 
the elements induce stresses which 
cause the rectangle to distort. The 

ive stresses above the neu- 
tral surface to stiffen the 
rubber near the hole and thus re- 
strict deformation. 

This entire effect is a function 
of the stress distribution in the ori- 
fice. Due to the complexities in- 
volved in dealing with large deflec- 
tions and with rubber, this effect 
was determined experimentally and 
will be discussed in that section of 


Fig. 7 Photograph of appa- 
ratus 
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the paper. The effect appears there 
as a multiplying correction factor 
to the squash and twist effects. 
To obtain the minimum diam- 

eter under loaded conditions, or 
the change in diameter due to load- 
ing, the squash effect and the twist 

ect are added and the sum is 
multiplied by the “large deflection” 
correction factor S. Hence, the 
final equation for the dimension- 
less diameter change is 

Ad 


[ 
E, (d’)? 


(D—d’) 


(cos 1) sine} 
(19) 


To determine velocity — The con- 
servation of energy and mass equa- 


tions for steady incompressible flow 
when applied to a frictionless proc- 
ess for cases similar to this one 


~) 
where the subscripts 1 and 2 refer 
to the upstream and minimum di- 
ameter locations respectively, and 
the prime (’) indicates ideal condi- 
tions. Since friction was involved, 
the velocity was multiplied by a 
discharge coefficient C. The flow 
coefficient K was used where 


2t : 
yield 
4 
(21) 
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and was in all cases almost equal 
to C since A, was much less 

A,. Thus, the expression for veloc- 
ity at the smallest cross section of 
the hole was 


V=K 26 -— 
The flow coefficients were deter- 
mined experimentally and will be 
presently. 
APPARATUS AND METHODS 


In order to observe the orifice 
visually, the supporting section for 
the flow washer was made of plexi- 
glass. See Fig. 5 for a photograph 
of the test section and Fig. 6 for a 
schematic sketch of the test sec- 
tion. For checking the theoretical 
value for the minimum diameter of 
the hole and to determine the flow 
coefficients, the following measure- 


(22) 


ments were taken at each steady 
state condition: (1) Minimum diam- 
eter. (2) Pressure difference across 
the orifice. (3) Mass flow rate. (4) 
Fluid temperature. 


Diameter—The minimum diameter 
was measured by traversing the 
hole with a traveling telescope 
mounted on top of the test section. 
The vertically mounted telescope 
was driven in the horizontal direc- 
tion by a depth micrometer having 
at least a count of 0.001 in. 


Pressure Difference — Both the up- 
stream and downstream pressures 
were measured with the same pres- 
sure gage. The upstream pressure 
tap was in the entrance box about 
two tube diameters from the 

surface of the orifice. The down- 
stream pressure tap was located 


Fig. 8 Schematic flow diagram of apparatus 
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about one-half tube diameter from 
the support plate. These two pres- 
sure taps were connected to a se- 
lection manifold which was con- 
nected to the gage. The gage 
range was from 0 to 500 psi with 
a least count of % psi. 


Mass Flow Rate — The flow rate 
was measured by a flow meter 
which had been calibrated in place. 
The range of the flow meter was 
from 0 to 27 Ib water/min with a 
least count of 0.1 Ib/min. 


Temperature — The temperature 
was measured with a mercury-in- 
lass thermometer mounted in a 
well on the top of the flow meter. 
In the range of temperatures oc- 
curring in the tests, the thermome- 
ter least count was 1 F. 


Other Apparatus — The remaining 


Fig.9 Effective 
modulus E, versus thickness 
for various rubber hardnesses 
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apparatus consisted of a rotatin 
vane pump, surge tank and a on 
ervoir designed to deliver water to 
the orifice under steady state con- 
ditions. The water was treated 
with a minute amount of sodium 
dichromate to resist corrosion. See 
Fig. 7 for a photograph of the ap- 
atus and Fig. 8 for a schematic 
diagram. 

Testing procedure for one 
datum point consisted of setting 
the flow rate at some particular 
value and, after a nominal period 
of time for steady state to occur, 
the four items of interest—pressure 
drop, flow rate, hole diameter and 
temperature—were recorded. From 
five to twenty such points were 
taken for each test setup. In each 
case the pressure drop for one 
point was always greater than for 
the preceding point. This was to 
eliminate the additional variable 
associated with the hysteresis in 
the stress-strain relationship inher- 
ent with rubber. Experimental in- 
formation that could be obtained 
was limited by these conditions: 

1. The maximum pressure of the 
pump (approx. 250 psig) was 
obtained. 

2. The maximum flow meter ca- 
pacity (approx. 25 Ib per min) 
was obtained. 

3. Under certain conditions ca- 
vitation in the orifice oc- 
curred. 

4. Under certain conditions 


buckling of the rubber caused 
the orifice to deviate from a 


circular configuration. At 
some of the cited conditions 
the hole was observed to vi- 
brate. In all cases the end 


3 
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result of buckling was the 
collapse of the hole. 


EXPERIMENTAL RESULTS 
AND DISCUSSION 

The main problem concerning the 
uash effect was the evaluation 
the Effective Modulus for Squash 
E,. Unlike most other substances 
common in engineering use, the 
modulus for rubber in compression 
is a function of geometry as well 
as hardness. Most authors ‘**-* 
on rubber properties consider the 
effective modulus as the product 
of the small deflection, unit cube 
modulus and a shape factor. The 
shape factor is defined as the area 
of one loaded surface divided by 
the total area of the free surfaces. 
One author “) suggests that 
the shape factor and thus the effec- 
tive modulus is a function mainly 
of thickness. There appears to be 
an interdependence between hard- 
ness and gi . The reason for 
this dependence is due to the in- 
ability of the loaded surfaces to 
deflect tangentially to the load. It 
is shown in (5) that when both of 


the loaded surfaces were well lu- 
bricated the com ion modulus 
no longer depen on geometry 
and was constant up to about 20% 
deflection. 

It was decided to use Equa- 
tion 6 as a definition of E, and 
measure Ad, d’, t, AP, B and D 
and calculate E, because: (1) The 
axial loadings in this work were 
hydrostatic on the top surface and 
supported by a smooth, non-lubri- 
cated, metal back-up plate, (2) no 
shape factors were available for the 
annular configuration where the 
outside diameter was fixed and (3) 
axial deflections were much less 
than 20% but the maximum radial 
deformations were about 50%. The 
results of the calculations are shown 
in Fig. 9. 

These tests were run with the 
back-up plate hole diameter the 
same as the free orifice diameter, 
thus eliminating any possible twist- 
ing effect. The curves of Fig. 9 
were determined by plotting 1 — 


d 
( +) versus AP for each test. 


Rubber Hordnesses” | 1 t ist 
<j for various rubber 
for | Twist , pot 
i 


’ 
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These curves were nearly straight 
lines up to about 20 to 25% change 
in diameter. The E, values were 
calculated from the slopes of these 
straight lines. A large deflection 
correction S, which is discussed 
later, was used to determine the 
effective modulus at large deflec- 
tions. The E, values from Fig. 9 


Ad 
permit the calculation of —— in 
2t 

Equation 6. 


Twist Effect — The determination 
Ad 

of the effect of twist on —— was 
2t 

based — the angular deflection 

6 and the experimental values of 

the Effective Modulus for Twist 

E,. In order to evaluate E,, Equa- 


tion 14 was solved explicitly for E, 
AP D* 
t 4in— 
[ 1 3 d” ] 
2 2 D dD 


Table |. Large Deflection Correction 
Factor, S 


Ad 

d' Calculated’ 002 04 06 08 1.0 
S for 35 

(Durometer) 1 0.80 0.70 0.60 0.50 0.40 
S for 53 

(Durometer) 1 0.85 0.75 0.70 0.60 0.50 
S for 75 

(Durometer) 1 0.90 0.80 0.70 0.70 0.65 


1 Calculated from the sum of Equations 6 
and 18. 
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Geometric values and AP were re- 

corded for the various flow condi- 

tions. The problem remaining was 

the evaluation of @ corresponding 

to AP in Equation 23. The experi- 
Ad 

mental values of —— were plotted 
2t 


as a function of AP. The squash 

effect as. calculated by Equation 6 

and corrected by the S factor, was 

subtracted from the total, leaving . 
Ad 

only the twist effect on —-. In 
2t 

order to obtain experimental values 

- Ad 

of @ to be used in Equation 23, — 

2t 


versus @ was plotted for various 
D-d’ 

values of -—— according to Equa- 
2t 


tion 18. For the various geometric 
arrangements Ad was then meas- 
ured for several different pressure 
drops. These values of Ad were 

to determine @ which was 
used in 8 ey 23 along with the 
corres ing AP and geometric 
factors to determine E,. These re- 
sults are presented in Fig. 10. The 
E, values from Fig. 10 may be used 
in calculating @ in Equation 14 
and the @ can be used in Equation 


comparison of —— calculated versus 
2t 


5, 
at 
‘ 
‘ 
‘ 
q 
= 
(23) a 
Ad 
18 for obtaining —. 
Large Deflection Correction — A < 
Ad 
: 
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Ad 

—— measured indicated that the 
2t 

hole size did not deviate from the 
free hole diameter as much as cal- 
culated. This was true both for 
decreasing diameters and increas- 
ing diameters. One possible reason 
for this is that, during large de- 
flections, the assumptions concern- 
ing small deflections and constant 
cross section shape are violated, 
and in some cases the violation was 
large. A correction factor was de- 
termined based upon the maximum 


Ad 
unit deflection —— and rubber hard- 
ness. These results are given in 
Table I, indicating that there is 
more deviation from the assum 
tions for softer rubber than for 
harder rubber. 

In addition to this correction 
it was noted that in each case where 
the hole diameter reached a mini- 
mum with respect to AP and then 
started to enlarge as the pressure 
drop was increased, a straight line 
relationship resulted between di- 
ameter and AP after the minimum 


diameter was reached. Fig. 11 


Fig. 11 Qualitative compari- 
Ad 
son —— calculated and meas- 


2t 
ured 
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shows a qualitative comparison of 
these corrections. The location of 


Ad 
the intercept of the —— measured 
2t 
curve was very near the intercept 
of the calculated curve and a 
straight line was drawn from the 
Ad 
point of maximum —— (after cor- 
2t 
rected by multiplying by S) through 
the calculated intercept. This 
straight line may be extended to 
angular deflections of approximately 
6 = 2.5 £. No experiments were 
run at higher angular deflection. 
The average difference be- 
tween the diameter as calculated 
above and the measured diameter 
was about 3%. The maximum dif- 
ference was 6% when the deflec- 
tion was less than 40%, which is the 
maximum allowable before the 
hole buckles. 
The flow coefficients were cal- 


= 
Fig. 12 Flow coefficient K 
d D 
re versus — for various — values 
2t a 
and for 35 durometer orifices 
| 
a2s ars 1.00 128 150 
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culated from the equation 
0.004 M 
d’ AP 

where 0.004 is a constant for water 
at room temperature and includes 
unit conversions. Note that K was 
based upon the minimum orifice 
diameter. 


(24) 


Correlation—An attempt was made 
to correlate the flow coefficients 


with an idealized Reynolds number 
T? where 
*RE 
Ts (25) 
K 


The T number in Equation 25 
would allow for the direct deter- 
mination of flow rates whereas the 
usual Nag would necessitate a trial- 
and-error solution. It was found that 
K was almost independent of T for 


d’ 

thin washers (< = 05) . For 
2t 

coefficient K 


D 
versus — for various — values 


Fig. 13 Flow 
d 
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Table Il. Effect of T Numbers on K 


(Add 10% to K for each 20,000 
increase of T in this range) 


T Number Range T Number Range 


Durometer forK Constant for Varying K 
35 15,000-25,000  25,000-50,000 
53 20,000-40,000  40,000-80,000 
75 18,000-40,000  40,000-80,000 


d’ 
thick washers (— = 05), the K 


values shown in Fig. 12, 13 and 14 
were evaluated for T numbers as 
shown in Table II. The tendency 
was for the flow coefficients to be 
almost constant in a specific range 
of T numbers, as shown in Table II, 
and to increase linearly with T 
above a certain value of T. 

For hard, thin washers there 
appeared to be a slight tendency 
for the K values to decrease at 


2? The use of the T number is similar to that 
suggested by Binder (8). 


coefficient K 
D 

versus — for various — values 
2t d’ 

and for 75 durometer orifices 


Fig. 14 Flow 
d’ 


and for 53 durometer orifices i 
= “6 
| a 
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higher T numbers but this was not 
of sufficient amount to show a valid 
trend. 

Variables which had the most 
important effect on K were orifice 
thickness and support plate diame- 
ter. These variables were repre- 

d’ 


sented in dimensionless form — 
2t 

D 

and —. 
d’ 
crease with thickness in the range 
of these tests. This may indicate 
that the thick orifices become more 
streamlined than the thinner ones. 
This may also be due to the down- 
stream pressure tap being located 
at some point other than the vena 
contracta as is required by Equa- 
tion 24. For thicker was the 
vena contracta would be farther 
upstream from the downstream 
pressure - and more distance 
would be allowed for pressure re- 
covery so the downstream pressure 
would become higher. This causes 
AP to be lower, which makes K 
appear larger than it should be. 


The flow coefficients in- 


The wider spread of flow coeffi- 
D 


cients for soft washers having — 
d’ 
d’ 


< land — from 0.5 to 1.5 than for 


2t 
hard washers with these same geo- 
metrics was probably due to greater 
deformation of the softer washers. 
This deformation would tend to 
convert the orifice into a flow noz- 
zle. 

Another observation made was 
that for orifices which first de- 
creased in diameter and then in- 
creased as the pressure drop in- 
creased, K increased about 5 to 
20%. The K values given on the 
graphs are for the decreasing di- 
ameter phenomena and a 10% in- 
crease is recommended for the flow 
coefficients after the orifice begins 
to open up. The correlation of K 
with geometrical rties are 


shown in Figs. 12, 13 and 14 for 
three different hardnesses. 

The results of three typical 
experimental tests are shown in 
Figs. 15, 16 and 17. These tests 


ameter, 0.075 
thickness orifice 
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were picked at random from a large 
— similar tests. The re- 

ts indicate very rediction 
of diameter, but, pion the 
maximum error on the flow rate is 
larger because flow rate depends 
on diameter squared as well as 


pressure 
In handling the stated problem 
the experimental limitations were: 


. Rubber thickness varied from 
0.040 to 0.5 in. 

. Outside diameter was 0.8 in. 
in each case. 

. Free inside diameter was 
0.120 in. 

. Support plate hole diameter 
varied from 0.125 to 0.5 in. 

. Rubber hardnesses were ap- 
proximately 35, 53 and 75 
durometer. 

. Maximum pressure drop was 
200 Ib/sq in. 

. Maximum flow rate was 26 
Ib/in. 

. The range of T numbers was 
from 10,000 to 100,000. 

’ ting temperatures were 
from 70 > 95 F. 


10. The fluid used was liquid 
water. 


SUMMARY 
Restatement of the problem—Find 
a method which would allow for 
the prediction of the mass flow rate 
versus pressure drop relationship 
for given flow washer properties, 
back up plate geometry, and fluid 


at a specified state. 
Limitation i by theory—The 


only flow washers considered were 
short, right circular cylinders with 
small cylindrical holes centered on 
the orifice axis. The back-up plates 
considered were flat with cylindri- 
cal, centered holes. The fluid was 
incompressible, flowing under 
steady state conditions. 


Calculation of the mass flow rate — 
The steps to consider for the mass 
flow rate versus pressure drop cal- 
culations are: 
1. The following information is 
assumed to be known: B. D, 
d’, t, durometer number, fluid 
density and viscosity. 


7 
8 

Fig. 16 Compar- 
ison of theory 
experiment for 53 = i ‘ 
backup plate di- 
ameter, 0.500 

Pressure Drop - psi 


2. Consider Equations 1 and 22 
M.. = pA KV’ (26) 
The density p is constant and 
known; V’ is given by Equa- 
tion 20 as of AP 


and constants; A depends 
only on d which is a function 
of AP and geometry; and K 
be obtained from AP 
and geometry. 
It is recommended that d, K 
and V’ be plotted as functions 
of AP and then the M,, versus 
AP relationship may be gen- 
erated by use of Equations 1 
and 22. 


CONCLUSIONS 


A method was devel for pre- 
dicting the flow 
relationship for a given geometri- 
cal situation and rubber hardness 
for a flexible orifice. This method 
could to include a 
of similar orifices, 

it is ; peat that it could be 
extended into various geometries 


For thin orifices the flow coef- 
ficients were independent of Reyn- 
olds Number. For thick orifices the 
flow coefficient increased as Reyn- 
olds Number increased. The orifice 
may be considered circular when 
Ad 
— is less than 0.4. Above this 
d’ 
value the hole buckles. 

In many cases the difference 
between the predicted and meas- 
ured flow rates was less than 10% 
of the measured values. The maxi- 
mum difference encountered was 
less than 25%. Due to the com- 
plexity of the problem it is felt that 
these comparisons are quite accept- 
able at state in the solution 
of the problem of flexible orifices. 

The region where the mass 
flow rate versus pressure drop re- 
lation had a negative slope was 
unstable. In oak case there was 
either cavitation of the fluid or 
vibration of the orifice or both. It 
is not known which of the two 
phenomena (vibration, cavitation) 


and orifice materials. is cause or effect. 
Fig. 17 Com 
ig. par- 
ison of and 
experiment for 75 
backup plate di- 
i j ameter, 0.250 
geo Flow ° . 
(carves indjoste theerpticel 
neticote mento! rakes 
e ° o eo 
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Degradation of Polyester* Film 
by Alcohols when Used as Additives 
in Refrigeration Systems 


CLAUS J. BUSHOUSE 


In March 1958 the author’s com- 
pany introduced a new insulation 
system for use in stators applied to 
hermetically sealed refrigeration 
and air conditioning systems. The 
new insulation system consists of 
(1) Acrylic coated magnet wire, (2) 
Polyester film sheet insulation and 
(3) Polyester covered lead cable 
and jeleinat lacing cord. We be- 
lieve that this insulation system has 
superior properties, such as higher 
temperature capabilities, non-water 
forming, and the possibility of 
shorter, — temperature dehy- 
dration. The properties of this sys- 
tem are described in greater detail 
by Hurtgen and Mounce.' 
However, validation activity 
to determine the full extent of ap- 
plicability of this new system has 
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Claus J. Bushouse is active in the Hermetic 
Motor Department of the General Electric Com- 
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June 26-28, 1961. 


nver, 


shown it to be vulnerable to meth- 
anol. The point of alcohol attack 
is the polyester film sheet insula- 
tion, chemically designated poly- 
ethylene terphthalate. Methanol at 
elevated temperatures degrades the 
film to the point of embrittlement. 
This has been established by sealed 
tube work and compressor testing. 
The preliminary work in sealed 
tubes gave results which indicated 
that methanol tends to embrittle 
the film. These reusable steel tubes 
are 14 in. long with a 12-in. diam, 
have an approximate volume of 
350 ml, my are shown in Fig. 1. 
The over-all length is approximately 
17 in. and they can be taken a 
readily at the “Ermeto fitting. 
Each tube contained 35 gm 
Suniso 3G oil, ten gm polyester 
film, ten gm acrylic magnet wire 
and five aluminum casting 
sprue. Twelve of these tubes con- 
taining the above items were de- 
hydrated and evacuated for four 


4) 


hours at 150C. After cooling, 24 
mg of methanol were added to 
each of six tubes. To three of these, 
seven of Refrigerant 12 were 
added, and to the other three, five 
gm of Refrigerant 22. The remain- 
ing six tubes contained refrigerant 
with no methanol; three with seven 
gm of Refrigerant 12, and three 
with five gm of Refrigerant 22. 
Four tubes (one of each variety) 
could therefore be aged at each 
of three temperature levels. The 
condition of the film with and 
without methanol vapor after 30 
days aging at 130, 140 or 150C is 
given in Table I. 

It is evident that the presence 
of methanol is linked with a more 
brittle film. Follow-up work using 
two %-hp freezer units also pro- 
duced quite brittle film. Each unit 
contained 180 gm Refrigerant 22 
plus 1 cc of methanol. One was 
run at a winding temperature of 
130 C for 82 days and the other at 
140 C for 60 days. 

Since methanol reportedly is 
utilized to a limited extent in re- 


Table | 
30 Day 
Steel Sealed Tube Test 
Tube Condition of Film 
130C R-42 flexible 
R-124+MeOH brittle at in. 
R-22 flexible 
R-224MeOH brittle at '/ in. r 
140C  R-I2 brittle at '/ in. r 
R-124MeOH brittle at in. r 
R-22 flexible 
R-224+MeOH brittle at in. r 
=R-12 brittle at in. 
R-124MeOH brittle at '/ in. r 
R-22 just brittle 


R-224+MeOH 
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frigeration units to prevent capil- 
lary freeze-up, it was necessary to 
investigate ‘this situation and try 
to disclose some more favorable 
antifreeze compounds. First of all, 
it must be stated that the use of 
any antifreeze is not recommended 
for the acrylic-polyester insulation 
system. It is felt that there is no 
need since this system is non- 
hy pic and thus generates 
little or no water with little chance 
for a capillary tube freeze-up. 

Investigation into the reactiv- 
ity of possible antifreezes, there- 
fore, included eight alcohols and 
two additional solvents, ioxane 
and tetrahydrofuran, soluble 
in water and oil. Other antifreeze 
compounds such as glycols had too 
high boiling points and could 
sludge the system; aldehydes are 
prone to silstiaines and ketones 
may halogenate. The best additive, 
therefore, had to be a good anti- 
freeze, preferably less reactive 
than water, and should be com- 
patible with all components of the 
system. 


PROCEDURE 


The film was heated in a specially 
designed tube in the presence of 
each of these com , and also 
water whose hydrolytic reactivity 
was used as a sort of standard. The 
film also is sensitive to hydrolysis 
by water. However, this reaction 
is quite dependent upon the con- 
centration and the temperature. At 
room temperature, hydrolysis of 
the film is measured in centuries, 


while at 200 C, in fractions of hours. 


| 

at 180° be ioned 

shatter britti The apparatus design 


for this study is pictured in Fig. 
It is fabricated from 1-in. 


apparatus can be placed in a 20-in. 
oven to follow pressure changes 
through the glass observation 


panel. 


at the same reaction temperature. 
The alcohol in vapor form is added 
in sufficient quantity so that at re- 
action temperature the completely 
vaporized compound does not ex- 
ceed the manometer limitations. 
The volume of the tubes used for 
the runs was relatively constant at 
140 ml + five ml so that it was nec- 
essary to follow pressure changes 
only. 


ing 


Fig.1 Reusable 
steel tube for 


sealed tube ag- 


fabricated tube 
with deter- 


The 
is thorough! 
gent, rinsed with C.P. acetone, 
and dried at 105C. After cooling, 
sufficient triple distilled 


mercury 

tube, which then is 
warmed slightly and evacuated to 
less than 20 micron using a clean 
rubber stopper as a closure. The 
tube is tilted and mercury is al- 
lowed to run into the manometer. 
Air is admitted slowly, the stopper 
removed, and 20 gm of ten-ml 
lyester film strips, 6 x % in., are 
into the tube. The tube is 

then finished by sealing on a glass 
cap. The cap is a one-in. piece 
of pyrex tubing of the same diame- 
ter as the body of the reaction 
tube, to which a small stopcock has 
been sealed. The upper end of 
this has been sealed to a 
ground joint for attachment to the 


is added to 
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7-mm Pyrex tubing and has an 
4 overall length of about 19 in. The 
self-contained, closed-end mercury 
manometer is capable of readings 
up to about 250 mm and the entire 
No transpiration correc- 
tions are necessary because both 
z manometer and reaction tube are 
action tube with 
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evacuation system, Fig. 3. The 
tube is heated with heating tape to 
150-160 C and the system and tube 
are evacuated for six or more hours 
until the pressure is below ten 
micron. After cooling down to dry 
ice-acetone temperature, dry air- 
free alcohol, as a vapor at room 
temperature, is condensed into the 
tube using the evacuation system 


manometer as a gauge. It is then 
ready to be seal from the sys- 
tem. 


Since the usable volume of 
this specific system is 810 ml, a 
certain manometer reading differ- 
ence would indicate the condensa- 
tion of a known suitable amount 


Fig. 3 Glass 


of reaction tube and addition of alcohol 


of alcohol into the reaction tube. 
During the condensation of meth- 
anol or water into the tube, the 
pressure decrease was held at 18-20 
mm Hg. In the case of methanol 
this indicated that about 25 mg had 
been introduced into the tube. 
The weights of the other alcohols 
would be in direct ion of 
their molecular weights to meth- 
anol. The alcohol is contained in 
a small storage tube (upper left, 
Fig. 3) attached to the system and 
is dehydrated in situ (a few hours 
before use) using calcium oxide 
and refluxing gently for ten min. 
This tube is cooled with dry ice 
and evacuated to remove air; as a 


for evacuation 
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Figs. 4-6 Specific reaction rates per minute for some alcohols and 
water with polyester film. Fig. 7 Freezing points of aqueous solutions 


wt 


FREEZING FONTS OF AQUEOUS SOLUTIONS 


+80 


i | » 


further precaution, just before con- panel in the door and a steel milli- 
densation into the reaction tube, meter scale is positioned between 
the alcohol is allowed to expand manometer and tube. Pressure 
into the system four or five times readings are taken easily from the 
and evacuated each time. outside using flashlight and read- 

ee ee ing glass. Reading time intervals 
into an oven with an observation vary from five min to twice a day. 


» 
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The higher obviously 


require more uent measure- 
ments. The materials used were as 
follows: 


Polyester film (polyethylene terph- 
thalate) 1000A ” Type A. 

Methanol, Baker Analyzed Reagent. 

Ethyl alcohol, 190° grain Neutral 
Spirits (Publicker). 

N-propy! alcohol, MCB 2852. 

eer alcohol, Fisher Certified 


N-butyl alcohol, Baker Analyzed 


Reagent. 
Isobutyl alcohol, MCB 2858. 
Sec-butyl alcohol, MCB 5047. 
bir aad butyl alcohol, Eastman 


Tetrahydrofuran, Baker Analyzed 
Reagent. 

P-dioxane, Eastman 2144. 
Although some of the above com- 
pounds were known to have prop- 
erties causing them to be of doubt- 
ful use as antifreezes, the experi- 
ment was carried out with each 
one in order to make the study as 
complete as possible. 


RESULTS 
Pressure readings in millimeter of 
mercury were nda on semi-log 
paper against linear time in min- 
utes. The log pressure values fol- 
low a straight line and the reaction 
rate could readily be calculated 
for each temperature by using the 
following equation: 

2.303 P, 


kr = X log — 
t—t P, 
—de 


This is the integrated form of r 


t 
= ke with pressure used in place of 
concentration when volume is con- 


stant 

Where kr = specific reaction rate 

t, — t: = time interval during which 
pressure drops from P; to P:. 
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The specific reaction rates for each 
reactive compound at three or more 
temperatures then were plotted on 
semi-log paper against the recipro- 
cal of the absolute temperature. 
The position and slope of these 
lines give an indication of the rela- 
tive reactivity of the alcohols 
studied; the smaller the number at 
a specific temperature, the less re- 
activity. For example, a rate of 1 X 
10* or 0.0001 means that 0.01% of 
the alcohol is reacting with the 
film each minute. The Arrhenius 


dink E 
whose in- 
RT? 


E 
egrated form is log k = —__—— 


( 4.) + Cis the basis for this plot 


ting method, which shows that a 
straight line results from plotting 
log k against 1/T. 

The experimental results are 
tabulated in Table II, and plotted 
in Figs. 4, 5 and 6. posed g to 
these results, the relative reactivity 
of the compounds studied is as fol- 
lows: 

1. No reaction 
p-dioxane 
tetrahydrofuran 
tertiary butyl alcohol 
2. Some reactivity 
water 
secondary alcohols— 
isopropyl alcohol 
butyl alcohol 
3. Good reactivity 
primary alcohols— 
methanol 
ethyl alcohol 
normal propyl alcohol 
normal butyl alcohol 
isobutyl alcohol 


DISCUSSION 
Reaction between the alcohols and 


3 
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the film is termed “alcoholysis.” In The chain has now been broken, in 
this instance it is a simple ester the simplest case, into two frag- 
interchange. Polyethylene terph- ments; one fragment ending in the 
thalate has a molecular weight of half ester of ethylene glycol and 
about 15,000-16,000 and is a poly- the other fragment in a methyl 
mer consisting of about 75-80 units, ester. 

each having a molecular weight of Reactivities of the alcohols 
192. Embrittlement of the by with the polyester film fall into 
an alcohol, methyl, for example, groups corresponding to the three 
involves the rupture of at least one alcohol classes; primary, secondary 
of the approximately 150 ester and tertiary. Prine dhecthols were 
linkages in the chemical equation. found to be the most reactive, ter- 


| cleavage line 


oO 
HH 
HH 


+ CH,OH — 


Table Il 


Specific Reaction Rates With 10 Mil Polyester Film 
(Multiply by 10° min 


120C 130C 140C 150C 160C 170C 175C 180C 197C 200C 


1.44 5.29 19.6 
1.48 5.54 21.3 
Methanol ....... 1.25 3.43 5.00 23.6 
1.37 7.40 28.8 
Ethyl alcohol ..... 119 3.36 545 104 20.0 
(a) 1.97 
N-propyl alcohol . 1.31 1.81 2.91 6.13 10.9 32.4 
4.26 
Isopropyl alcohol . 0.193 0.535 0.885 1.78 2.72 
0.623 2.07 
N-butyl alcohol 631 13.3 28.2 63.7 90.5 
1.2 
Sec-butyl alcohol . 148 (1.67 3.21 8.44 
Isobutyl alcohol .. 1.02 3.78 12.3 
0.856 4.16 12.8 


Tert-butyl alcohol No reaction 
Tetrahydrofuran No reaction 
P-dioxane No reaction 
Note (a) = 136 C 


Le 
- 


Discussion ON DEGRADATION OF POLYESTER FILM BY ALCOHOLS 


tiary butyl alcohol had no reactiv- 
ity and the two secondary alcohols 
were in between. The reactivities 
of the three alcohol classes follow 
very closely the ranking of reaction 
rates of esterification for these al- 
cohols with acetic acid.’ 

On the basis of the above rank- 
ing according to the reactivity with 
the film, the compounds of choice 
would be those in the non-reactive 
group. These, however, are poor 
antifreezes as noted in Fig. 7. Fur- 
thermore, according to the results, 
the secondary alcohols have the 
same order of reactivity as the 
water whose freezing point is to 
be lowered. Secondary butyl alco- 
hol has another disadvantage in 
that it is not completely soluble in 
water at all concentrations. Ac- 
cording to some cursory work with 
isopropyl alcohol in the presence 
of aluminum foil, iron filings and 
film using the same type of reac- 
tion tube, there is evidence that 
the reactivity is greater at 160C 
and above than without the metals. 
Strictly speaking, therefore, none 
of the compounds studied can be 
recommended for use as additives 
in a refrigeration unit having this 
polyester film as sheet insulation 
in the hermetic motor. 


SUMMARY 

Since the possibility of the use of 
methanol as a remedial measure in 
hermetic refrigeration units exists,. 
various nds were studied in 
order to determine their reactivity 
with polyethylene terphthalate film 
used in the new insulation 
Preliminary work showed that 
methanol is quite reactive, causing 
rapid embrittlement of the film. 
Studies of each alcohol with the 
film in a specially designed glass 
tube indicated that methanol and 
four other primary alcohols have 
the same order of reactivity; that 
two secondary alcohols were about 

ual to water in reactivity and 
that tertiary butyl alcohol had no 


reactivity. No recommendations 


can be made since the most likely 


substitute, isopropyl alcohol, is just 
as reactive as water; it might fall 
short in antifreeze properties, and 
it might cause an increase in non- 
condensable gases when used in 
the hermetic system. The conclu- 
sion, therefore, is that any of the 
ordinary antifreeze alcohols when 
added to the system would cause 
rapid degradation of the polyester 
film in this new insulation system. 
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DISCUSSION 
Water Glycols have been used as antifreezes success- 
indicated fully in the past in systems and are still being : 
necessity used. There was no evidence of sludging diffi- : 
films do culty when they were in use. 
ever, th Trade mixtures of methanol and sodium 
water ge methylate were not included in the tests; but 
the film. these mixtures are added to machines by serv- 
left out ice men. The addition of methanol provides : 
ment that they would sludge [x trouble, but the fact is that it is added. : 
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so, might not the mercury have 


: Were mercury gauges used in all of these priate dryer, where necessary, it is possible to —_— 
tubes, and {ff DR get along without antifreezes. The experiments = 
catalyzed this reaction? with Mylar film reveal the necessity to get a 
away from antifreezes. However, several or- q .: 
we in still specify the use of entifresecs. 
all the reaction tube experiments, how- 
ous at all. No tests were made to determine practical re 
whether it was present in the film at all or of 
+. he ethylene — thing that is said against their use. 3 : 
je on basis of automotive experience F. Atsnicut, Lafayette, Ind.: With re- 
with antifreeze of that type in the cooling sys- gard to ethylene glycol, could it be assumed 3 
tem of an automobile engine. that since it is also a primary alcohol it might : 
} react similarly to the methanol and ethanol? x 
E. T. Nevpaver, Sidney, Ohio: Before the ; 
war we specified antifreezes; since that time, Autor BusnHovseE: It seems quite certain that 7 
: however, we have not used them at all. With it would. That is one of the starting points of 4 
the system clean and dry and with an appro- the film. 
al 


No. 1757 


Solubility of Refrigerants 11, 21, and 22 
in Organic Solvents 
Containing a Nitrogen Atom 
and in Mixtures of Liquids 


ALLEN THIEME 


Absorption cooling cycles use a 
combination of absorption and 
stripping steps instead of the me- 
chanical compressor of the vapor 
compression cycle. Advantages of 
the absorption cycle include lower 


operation costs if efficient 
tion and stripping steps can 
realized. Since the taney of 
these is determined largely 
by the chemical and physical prop- 
erties of the solvent-refrigerant 
combination, evaluation of these 
properties is of importance in the 
development of an economical 
absorption cooling cycle. 

From a consideration of the 
absorption cooling cycle, an effi- 
cient cycle would be one in which 
Allen Thieme is with the National Carbon Co. ; 

F. Albright is Professor, School of 


ing, ver, 


LYLE F. ALBRIGHT 


a large amount of refrigerant is 
eva in the tor from a 
given amount of solution. Such a 
solvent-refrigerant system would 
be one in which the refrigerant is 
soluble in the solvent in large ex- 
cess of the amount predicted by 
Raoult’s Law. 

Using this supposition, Zell- 
hoefer and co-workers*®** 
measured the solubilities of several 
halogenated methanes in many 
organic solvents. They found that 
halogenated methanes which con- 
tained a hydrogen atom in the 
molecule produced excess solubil- 
ity in organic solvents in many 
cases. This excess solubility was 
attributed to “hydrogen bonding,” 
which has since been shown to 
essentially an electrostatic attrac- 
tion between molecules.’ Other in- 
vestigators'*:*° have used this 
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principle to seek a good solvent- 
refrigerant combination for the ab- 
sorption cooling cycle. One of the 
best solvents found to date is the 
dimethyl ether of tetraethylene 
glycol. Eiseman’ calculated coeffi- 
cients of performance (C.O.P) of 
this solvent with several refriger- 


tion, the solu- 
bilities of three fluorochloro 
methanes were studied in several 
organic compounds containing a 
nitrogen atom. In addition, a pre- 
liminary attempt was made to 
evaluate mixtures of low 
volatile organic liquids as solvents. 


EQUIPMENT AND OPERATING 
PROCEDURE 
Vapor pressure measurements 
were made methods. 
The apparatus utilized and the pro- 
cedure used were essentially — 
same as those previously reported.* 
Refrigerants used * this in- 
vestigation were all commercial 
grade products. 
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Fig. 1 Solubility of Refriger- 
ant 21 in diethyl formamide 


Most of the solvents were also 
commercial grade materials. 


RESULTS 
Solubility data were obtained for a 
total of sixteen binary and nine 
ternary systems. Equilibrium pres- 
sures for each system were plotted 


Table | Qualitative Results of Solubility Studies of Binary Mixtures 


Reacted 


Ref. 11 (CCF) 


Ref. 21 (CHCLF) Ref. 22 (CHCIF.) 


Reacted 
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MLL wor 
Solvent 
Tetraethylene Pentamine Reacted 
Dimethyl Formamide 
(DMF) VHS VHS 
Diethyl Formamide (DEF) VHS VHS 
Ethyl Formamide LS 
Dimethy] Aniline HS 
m-Chloro Aniline LS _- 
Aniline LS - 
n-Octyl Amine HS - 
Nitrobenzens AS “i 
VLS—Very low solubility HS—High solubility 
LS—Low solubility VHS—Very high solubility 
AS—Average solubility 
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© Nitrobenzene 
SOF © Aniline 
4 Dimethyl Aniline 
40r M-Cheloro Aniline 
MOLE FRACTION REFRIGERANT 
Fig. 2 Solubility of Refrigerant 21 in some 
closely related solvents at 125 F 
versus the mole fraction of the ture and . The qualitative 
refrigerant, with temperature as a comparison of the solubility results 


er. Fig. 1 indicates the 
results for the system of Refriger- 
ant 21 and diethyl formamide 
(DEF). In all cases, a system that 
showed either positive or negative 
deviations from Raoult’s Law at 
one point showed similar devia- 


for the binary mixtures are given. 
in Table I and Figs. 2 and 3 give 
quantitative comparisons for the 
solubility of Refrigerant 21 in 
aromatic solvents and in miscel- 
laneous aliphatic solvents, respec- 
tively. Hydrogen bonding was 


tions over all ranges of tempera- found to be an important factor in 
vents at 175 F 


© Octyl Cyanide 

© N-Methyl Morpholine 
100} 4 Octy! Amine 

v Ethyl Formomide 

Dimethy! Formamide 


° o2 038 Of OS oF os 1 
MOLE FRACTION REFRIGERANT 
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solubilities of compounds such as 
those used in this investigation. 
Results for binary mixtures 
indicate that nitriles (or cyanides) 
are fairly good solvents for the 
halogenated methanes. Aromatic 
amines are poor solvents, 
t tertiary amines containing one 
aromatic nucleus and two aliphatic 
groups are good solvents. Aliphatic 
— amines are good solvents; 
ever, polyethylene polyamines 
react with halogenated methanes 
to form complex mixtures of water- 
soluble amine salts. Perhaps the 
aliphatic amine also may have 
reacted to a small but undetected 


extent. 
The most promising solvents 


studied in this investigation were 
the di-N- substituted formamides 
and the basic solubility data ob- 
tained for these systems are shown 
in Tables II through V. Both di- 


Table Il 
ene of Refrigerant 2! in 
N-dimethylformamide 
tt Pressure Mole Fraction 
F psia Refrigerant 
100 44 256 
13.2 514 
28.5 -785 
125 7.1 
19.1 513 
43.2 .785 
150 10.8 
29.7 512 
63.3 .783 
175 16.7 
42.4 
88.2 782 
200 23.6 .249 
59.2 510 
225 32.7 .247 
80.7 508 
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ethyl formamide (DEF) and di- 
methyl formamide (DMF) showed 
high negative deviation from 
Raoult’s Law with either Refrig- 
erant 21 or 22. On a mole basis, 
DEF dissolved more refrigerant 
than DMF; but on a weight basis, 
DMF was a slightly better solvent. 
It is of interest to note that the 
systems DMF-Refrigerant 11 and 
ethyl formamide — Refrigerant 21 
showed positive deviations from 
Raoult’s Law. 

Mixtures of two organic liq- 
uids also were evaluated as solvents 
for the halogenated methanes. Nine 
ternary systems were studied and 
these are listed in Table VI. All of 
these ternary systems except DMF 
— aniline — Refrigerant 21 showed 
negative deviations from Raoult’s 


Table III 


Solubility of 22 in 
N,N-dimethylformamide 


Temperature Pressure Mole Fraction 
F psia Refrigerant 

100 19.5 212 
56.0 .483 

96.0 

125 28.0 .209 
795 .480 

130.0 .627 

150 39.0 .205 
111.0 475 

171.0 617 

175 52.0 .201 
146.0 .470 

216.0 595 

200 675 
186.5 465 

265.5 577 

225 86.0 189 
2345 458 

250 107.5 182 
288.0 452 
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Law. It is important to note that all 
of the pure compounds, except ani- 
the 
binary solvents dissolved more Re- 
frigerant 21 than Rzoult’s Law pre- 
dicts. Pure aniline showed positive 
deviations with Refrigerant 21 and, 
when mixed with DMF, the result- 
ing ternary system approached 
ideality. 

The binary mixtures used as 
solvents for the refrigerants pro- 
duced partial pressures of refriger- 
ant above the ternary solution that 
are approximately a linear function 
of the solvent composition, at con- 
stant temperature and mole frac- 
tion refrigerant, as shown by Fig. 
4. Three different mixtures of the 
dimethyl] ether of tetraethylene 
glycol (DME-TEG) and DMF 
were evaluated as solvents in Fig. 
4. The approximate straight line 


Table IV 
Solubility of Refrigerant 21 in 
N,N-diethylformamide 
Temperature Pressure Mole Fraction 
F psia Refrigerant 
100 24.6 .738 
125 13.1 41 
37.2 736 
150 20.5 439 
549 .733 
175 15.8 .288 
29.7 437 
76.2 
200 22.7 .286 
41.2 434 
102.2 -725 
225 31.7 -282 
56.3 431 
250 43.2 .278 
75.2 427 


partial pressure and solvent com- 
position held over the entire range 
of refrigerant composition, as can 
be seen from Fig. 5. 


DISCUSSION OF RESULTS 


The precision of the data in this 
investigation is generally within 
1.0 psi for below 100 
psig; and within 2.0 psi for pres- 
sures above 100 psig. The maxi- 
mum error is estimated to be less 
than 2.5 psi for pressures up to 100 
psig, less than 5.0 for 
pressures above 100 psig. 

A comparison has been made 
of the solvent capacities of DMF 
and of DEF with those of DME- 


TEG, which has been suggested as 
a good solvent for the enated 
methanes**. On a mole basis, 
DME-TEG is best. However, 
DME-TEG has a molecular weight 
Table V 
Temperature Pressure § Mole Fraction 
F psia Refrigerant 

100 25.5 324 

61.0 533 

138.0 785 

125 36.5 320 

85.5 530 

188.0 -780 

150 52.5 315 

118.5 525 

253.0 

175 69.5 310 

157.5 520 

200 89.5 -304 

198.0 516 

225 113.5 298 

248.0 510 

250 141.5 .289 


ie 

3 


Solvent 


Dimethyl Formamide (DMF) and Triacetin 


Triacetin 


Mole Ratio = 107 ........ 
DMF 
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Table VI Qualitative Solubility Results for Ternary Systems 


Dimethyl Ether of Tetraethylene Glycol (DME-TEG) and 
Triacetin 


DME-TEG 
Triacetin 
DME-TEG and Triacetin 
Triacetin 
DME- 
DMF—Aniline 
Ani 
DME-TEG and Tetraethylene Pentamine 
DME-TEG 
Mole Ratio 21 VHS 
ne 
DME-TEG and DMF 
DME-TEG 
DME-TEG and DMF 
DME-TEG 
Mole Ratio 21 VHS 
DME-TEG and DMF 
DME-TEG 
DME-TEG and DMF 
E-TEG 


of 222, whereas the molecular 

weights of DMF and DEF are 73 

and 101, respectively. When the 

solvents are compared on a weight 

basis as shown in Table VII and 

Fig. 6, DMF and DEF are better 
ents than DME-TEG. 


Eiseman® compared the effi- 
ciency of solvent-refrigerant com- 
binations by calculating the coeffi- 
cient of performance (C.O.P), 

ing requirements, etc., with 
ME-TEG as a solvent, and vari- 


ous fluoro-chloro alkanes as refrig- 


Refrigerant Results 
DMF 
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Table Vil Comparison of the Solubility of Refrigerant 2! in Three 


Solvents at Atmospheric 
DMF DME-TEG 
Temp Moles/ Grams/ Moles/ Grams/ Moles/ Grams/ 
Mole Gram Mole Gram Mole Gram 
125 779 1.10 870 885 1.35 625 
150 463 652 558 338 
175 292 355 504 .233 


erants. Exactly the same — 
step calculations are made 
Table VIII, using different ch 4 
but two of the same refrigerants. 
In order to make the calculations 
in Table VIII, the specific gravities 
and specific heats of DMF and 
DEF were needed. The values 
used and the sources are listed. 


» agocite gravity = 0.945 from 
H., “Chemical Engineers 

8rd Edition, McGraw-Hill 

Book Co. "(1989). 

DEF, vity = 0.908 from 
A. “Handbook of Chemis- 

try”, 8th Edition, Handbook Publishers, 

Ine. *(1952). 


Fig. 4 Vapor pressures of 
Refrigerant 21 over solutions 
of dimethyl ether of tetra- 
ethylene glycol, dimethyl 


formamide and Refrigerant 
21 as a function of solvent 


“MOLE ‘FRACTION ETHER IN SOLVENT 


I 
cals Depts., E. I. duPont Nemours 
and Co. 
heat = 0.5, was esti- 
es on the value for DMF. 


The systems calculated in 
Table VIII are Refrigerant 21 with 
DMF and DEF (Columns 3 and 
5), and Refrigerant 22 with DMF 
and DEF (Columns 4 and 6). The 
results are compared to the sys- 


Fig.5 Solubility of Refriger- 
ant 21 in various mixtures of 
dimethyl ether of tetraethyl- 
ene glycol and dimethyl 
formamide at 175 F 


8 
> 


- Pure Ether 


- Mole Rano 350 


HOF ig Amide 
C - Mole Ratio Ether 103 


E- Pure Amide 


PRESSURE , psio 


FRESE 8 
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2 


i 
DMF, specific heat = 0.5 from “DMF 
20.50 
0 ° 22505 
> . 
ah 
Fd 
0. 5 
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Table VIII Calculation of Performance Characteristics of Solvent 


igerant Combinations System 


DME-TEG DME-TEG DMF DMF 
+ + + + 
Step 21 22 21 22 
Molecular Weight 102.9 86.5 102.9 86.5 
Boiling Point, C .. +48.9 40.8 +8.9 —40.8 
Boiling Point, F .. —414 +481 —41.4 
105.2 87.4 105.2 87.4 
PES 10,820 7,560 10,820 7,560 
Absorber 
Op. Temp., F 95 
Op. Press, 12.3 83.7 12.3 83.7 
St... 0. 0.748 0.52 0.62 
Sana 2.125 2.97 1.08 1.63 
Generator 
Op. Temp., F 232 232 232 232 
Press., 42.9 224.6 42.9 224.6 
oe 0.414 0.516 0.29 0.41 
24.7 29.3 36 45 
0.706 1.07 0.41 0.69 
1.419 1.90 0.67 0.94 
10 . 42.9 224.6 42.9 224.6 
12.3 83.7 12.3 83.7 
ad 30.6 140.9 30.6 140.9 
15,360 14,364 7,250 7, 
2.250 2.995 2.250 2.45 
3.425 4.051 2.40 2.67 
4.567 5.401 3.20 3.56 
7. 1.494 2.238 1.80 2.91 
3.744 5.233 4.05 5.91 
eS 8.311 10.634 7.25 9.47 
1.379 1.213 1.379 1.213 
Re 0.325 0.517 0.352 0.584 
Ne 0.540 0.639 0.407 0.451 
0.8656 1.156 0.759 1.035 
a 80.6 190.9 80.6 190.9 
0.0408 0.129 0.0357 0.115 
Pee 0.088 0.279 0.077 0.249 
ees 3.73 11.8 3.28 10.5 
20.9 18.7 58.9 
ee 0.255 0.298 0.255 0.298 
Seer 0.955 1.559 1.03 1.76 
ee 2.041 2.414 1.60 1.78 
ees 2.996 3.973 2.63 3.54 
| 1.000 1.326 0.88 1.18 
52.2 914 62.9 Wg? 
331.9 422.1 282 365 
! 1.27 0.85 1.10 
0 27 —I5 10 
0 12.8 —0.62 10.7 
41(C.O.P.) 0375 0.268 0.44 0.31 
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| — Ref 
; DEF DEF 
| + + 
21 22 
102.9 86.5 
+89 —40.8 
+48.1 
105.2 87.4 
10,820 7,560 
| 95 95 
12.3 83.7 
0.57 0.65 
57 62 
= 1.33 1.86 
232 232 
42.9 224.6 
0.34 0.45 
: 34 4! 
0.52 0.82 
0.81 1.04 
; 42.9 224.6 
12.3 83.7 
30.6 140.9 
8,760 7,860 
2.250 2.995 
2.77 3.20 
3.70 4.27 
1.91 2.97 
4.16 5.97 
: 7.86 10.24 
1.379 1.213 
0.362 0.590 
0.488 0.564 
P 0.850 1.154 
80.6 190.9 
0.0400 0.129 
0.087 0.279 
3.67 11.8 
; 20.5 66.1 
0.255 0.298 
1.06 1.78 
1.85 2.14 
’ 2.91 3.92 
0.97 1.31 
66.7 121 
254 293 
321 414 
0.97 1.25 
—3 25 
12.8 
: —3 38 
3 0.39 0.27 
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tems DME-TEG with Refriger- 
ants 21 and 22 as calculated by 
Eiseman (Columns | and 2). Using 
DMF instead of DME-TEG as the 
solvent increases the C.O.P. by 
about 15%, DEF results in a 1-3% 
increase in the C.O.P., as com- 
pared to DME-TEG. 

Although DMF and DEF are 
good solvents based on solubility 
considerations, both have relatively 
low boiling points, so that they 
might cause problems in an absorp- 
tion refrigeration system. In this 
respect, N,N-dimethylacetamide 
has a considerably lower volatility 
and this compound should be tested 
in the future. The N,N-dialkylfor- 
mamides may also require addi- 
tional investigation to determine if 
they are adequately stable in a re- 
frigeration cycle. 

Although the ternary solutions 
used in this investigation did not 
increase solubility, may prove 


Fig. 6 Comparison of di- 


methy] ether of tetraethylene 
glycol and dimethyl forma- 
mide on a weight basis 


PRESSURE, psia 


Oo of 02 O03 O4 OS O6 OF OB O9 10 
WEIGHT FRACTION REFRIGERANT 


useful in improving solvent 
erties such as viscosity, stability 
and corrosiveness. For instance, 
tetraethylene pentamine reacted 
with the refrigerant, but a 50:50 
mixture of DME-TEG and tetra- 
ethylene pentamine did not appear 
to react. 

In future work on ternary sys- 
tems, it would be of interest to 
study the effects of adding a highly 
associated liquid or a polar salt to 
an organic solvent. Such additions 
might increase the solubility of the 
refrigerant in the solution. 


CONCLUSIONS _ 
Several nitrogen-containing organ- 
ic solvents were tested; some 
amines, nitriles and formamides 
were found to be good solvents for 
Refrigerants 21 and 22, which con- 
tain a hydrogen atom and hence 
can hydrogen bond. The two best 
solvents found were dimethy! for- 
mamide and diethyl formamide. 
These two solvents uce mix- 
tures that have C.O.P. about 15 
and 2%, respectively, better than 
mixtures containing the dimethy] 
ether of tetraethylene glycol. 
C.O.P. values ranging from 0.27 to 
0.44 were estimated for mixtures of 
the formamides. 

Several binary mixtures were 
investigated as solvents for the 
refrigerant, but none of those 
tested showed improved solubility 
characteristics as compared to the 
pure compounds. 
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Details and the unabriged data can 
be found in Allen Thieme’s M. S. 


thesis, Purdue University (1960). 
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DISCUSSION 
H. O. Spauscuus, Louisville, Ky.: Have you Concerning the types of solvent required . 
considered interpreting the results found in to obtain considerably higher solubilities, or- ; ny 

; terms of a molecular structure of the non- 

4 volatile component? Were any clues seen in sed 

: terms of the kind of molecules that would be : 

; needed to contribute to high solubilities in atures) chemical reaction. With refrigerants of 2 
what was being investigated beyond the hy- the type studied here, it is doubtful if such a a 
drogen bonding aspect that was mentioned? solvent can be found. Some amines were stud- ee 

ied and a chemical reaction occurred; how- aie 

Avurnor Considerable thought has 
been given to interpreting the results in terms fet 
of molecular structure. A paper on this sub- a) 
ject is being prepared for publication. a ac 
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Refrigerating Capacity 
and Performance Data 
for Various Refrigerants, 
Azeotropes and Mixtures 


R. C. McHARNESS 


rs frequently are interested 
relative cooling capacities of 
various compounds and azeotropes. 
Tables of thermodynamic proper- 
ties or pressure-enthalpy diagrams 
can be used to calculate theoretical 
values for the individual refriger- 
ants and compare data at any given 
set of operating conditions. This 
method, however, does not take 
into consideration the behavior of 
the compressor and other compo- 
nents of an es and 
thus does not give “practical” 
answer desir Unit operatin 
tests are needed to obtain su 
values. 
Another field of interest to re- 
frigerating engineers is that of 
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R. C. McHarness and D. D. Chapman are with 

“Freon” Products Laboratory of E. I. 
du Pont de Nemours & Co., Inc. This paper 
was prepared for presentation at ASHRAE 
Meeting in Denver, Colo., June 


D. D. CHAPMAN 


mixed refrigerants. Much of the 
work carried out thus far has been 
concerned with the increased ca- 
pacity obtainable with mixtures 
and the heat-transfer problems 
and advantages involved in their 
use.’'** Our interest has been to 
expand the information available 
on azeotropes and mixtures and to 
compare their refrigerating capac- 
ity and operating data with similar 
data for pure compounds. 

A calorimeter test unit has 
been built and used to attain the 
objectives mentioned previously. Al- 
though the cooling capacity values 
constitute the primary data de- 
veloped in our unit, its instrumen- 
tation is such that a variety of other 
— information is also avail- 
able. Thus, power use values, the 
coefficient om performance, suction 
and discharge temperatures, suc- 
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tion and discharge pressures, and 
the compression ratio also were 
obtained and are reported here. 

Two compressors of the same 
model were used in this work. 
Since the studies covered a wide 
pressure range, there were signifi- 
cant variations in the volumetric 
efficiencies. These are reflected in 
the refrigerating capacities re- 
ported. While the values are en- 
tirely realistic for the conditions 
used, it is possible that capacity 
improvements can be obtained if 
the compressor characteristics are 
matched to those of the refrigerant 
— the operating conditions de- 
sir 


CALORIMETER TEST UNIT 
The test stand used in this work 


contains the basic components 
found in any refrigerating unit. A 
schematic diagram of the equip- 
ment is shown in Fig. 1. The points 
at which pressure and temperature 
are controlled or measured also are 
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shown, along with the refrigerant 
sampling points. 

This unit is similar to those 
used by many equipment manu- 
facturers. At least one such unit 
has been described previously.* The 


various of equipment, most 
of commercially avail- 
able, are described briefly below. 


metic unit is made up of a 1.5-hp, 
1750-rpm, o-eycle, sin- 
gle-phase motor 2-cyl 
compressor havin edleulated 
displacement of 169 cfh. An -in- 
dicating wattmeter (W:) is 
mounted in the power supply to 
the motor. A constant-voltage reg- 
ulator is located in the power line 
serving both the motor and the 
boiler-calorimeter (F) heaters. 
This was found to be essential in 
attaining equilibrium conditions 
and making reproducible runs. 


The compressor is equipped with 
pressure ga and thermocouples on 
the suction line (P; and T.) and the 
discharge line (P; and Ty) near the 
respective service valves of the com- 
pressor. A sampling valve (V:) is 
located on the suction line. The com- 
pressor head is drilled and tapped to 


Fig. 1 Schematic diagram of calorimeter test unit 
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take four thermocouples* (shown as 
T, and T.). They are located in the 
suction and discharge gas streams of 
both cylinders at a point 1/16 in. from 
the valve q 
Actually two identical compressors, 
A and B, were used in this work. At 
the —20 F evaporator condition the 
two gave significantly different re- 
frigerating capacities as shown by 
the data for Refrigerants 12 and 22 
in Table V. In making comparisons 
at this temperature, it is necessary 
to use the data for the proper com- 
pressor. At evaporator temperatures 
of —10 and 40 F the results obtained 
with the two compressors were less 
than 2% apart. is is well within 
the accuracy of our measurements. 
Hence, the refrigerating capacities 
ined with Compressor were 
used in all comparisons made at the 
higher evaporator temperatures. 


B. Oil Separator—A standard 
Refrigerant 22 unit is used. * It 
is a with screens on the 
inlet outlet lines and with a 
float valve to control the return 
of oil to the compressor. 

€. Condenser—The condenser is a 
tube-in-tube, water-cooled, coun- 
terflow unit made up of copper 
tubing with brass headers. he 
refrigerant flow is in the outer 
tubes. The water flow is controlled 
by a hand-operated valve. Ther- 
mocouples are located on the re- 
frigerant inlet and outlet lines 
(T, and Tx) and on the water in- 
let and outlet lines (T. and Tw). 

D. Receiver—A stainless steel vessel 
approximately 4.5 in. OD x 17 in. 
long with a volume of 180 cu in. is 

as the receiver. It is wrapped 
with 0.5-in. OD copper tubing and 
insulated with polyurethane foam. 
The receiver is ipped with a 
liquid-level glass, a pressure 
gage (P.), and a well in which a 
thermocouple (T::) is located. Dis- 
charge water from the condenser 
(C) is circulated through the re- 
ceiver coil. A sampling valve (V:) 
is located on the liquid line which 
connects to a standpipe in the re- 
ceiver. 

E. Expansion Valve—An air-operat- 

ed diaphram-type contro] valve is 


* Conax thermocouples 


utilized. The air pressure and 
su ent valve opening are con- 
troll by the system pressure 
(P:) downstream from the valve. 
Maximum sensitivity and control 
of refrigerant flow are obtained 
by the use of a valve positioner 
along with TFE-fluorocarbon resin 
rings in the packing gland to re- 
duce starting friction to a mini- 
mum. The valve and its connect- 
ing lines are well insulated. 


mercury thermometer (T:) is located 
in a well in the line below T;. A pres- 
sure gage of high accuracy 
connected at the same point (P:) or 
to the suction line (P:) of the com- 
pressor. 


F. Boiler - Calorimeter (Evaporator) 
—tThis is a stainless steel vessel 
approximately 13 in. OD x 382 in. 
long and having a total volume of 
about 3400 cu in. An evaporator 
of ample area is mounted in the 
upper part of the vessel while 
four 1000-watt heaters are located 
near the bottom. complete 
range of heat inputs is obtained 
by using a variable voltage con- 
troller with one of the heaters. 
The total heat input over a fixed 
period of time is measured with 
a are" watthour counter 
(W:). A 3.5-in. depth of Refrig- 
erant 11 is used as the boiling 
heat transfer liquid in the boiler- 
calorimeter. 

The vessel and its connecting lines 
are insulated thoroughly with a mini- 
num of two in. of polyurethane 
foam. A thermocouple (T:} is lo- 
cated on the outlet refrigerant line of 
the evaporator. 

Complete evaporation of the refrig- 
erant takes place in the evaporator. 
In addition, the vapor is superheated 
to 47-60 F at the —20 F 
temperature, to 55-60 F at —10 F, 
and to 62-63 F at 40 F. These tem- 
peratures are those measured at T>. 
The superheat temperatures with Re- 
frigerant 18B1 and its mixtures are 
always higher than those with the 
other refrigerants. 


The temperature of the liquid go- Si 
ing to the expansion valve is meas- c 
ured with a thermocouple (Tis) on x 
the line. A_ similar thermocouple iy 
(T,) is mounted on the line down- 
stream from the valve. A calibrated _ 
| : 
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G. Safety—Pressure-relief devices 
are provided on the test unit to 
prevent build-up of excessive 
pressure. Each consists of a rup- 
ture disc in a suitable mounting 
and each is set to burst at 440 
psig. They are located on the 
suction and discharge lines of the 
motor-compressor, the inlet line 
to the condenser, the receiver and 
the boiler-calorimeter. 


OPERATION OF THE 
CALORIMETER (See Fig. 1) 


A. Evacuation—Prior to charging 
refrigerant to the calorimeter, ex- 
treme care is exercised in evacuat- 
ing the entire s This is 
done by means of a good vacuum 
pump to a pressure of 50 
(0.05 mm of mercury) or less. 

Evacuation is continued until this 

low pressure has been maintained 

for 2 hours. Not only does this 
assure a system free of air and 
moisture, but it is also an excel- 
lent check on whether the system 
is free of leaks. Experience has 
shown that a pressure of 50 
micron can not reached with 
our pump if there is a leak in the 
system. The vacuum is applied 
at the sampling valves on the suc- 
tion line to the compressor and the 
liquid from the receiver (V: 
a}. 


B. Charging—After the system and 
the ‘ae line are evacuated to 
the ired level, the unit is 

with the refrigerant to 
be tested. This is done from the 


liquid phase of the supply cylinder 
A sight glass 


ceiver is approximately 
full. In this ‘mit, the charge 


varies from 5 io 8 lb depending 
on the refrigera at being used. This 
procedure is fallowed regardless 
of whether pure compounds or 
mixtures are to be tested. 


Mixtures are prepared by adding 
the exact desired weight of the higher- 
boiling component to a dry evacu- 
ated cylinder and then adding the 
exact required weight of the lower- 
boiling component. As_ descri 


previously, a vacuum of 50 micron 


is pulled on the empty supply cylin- 
der and also on the connecting lines 
before — refrigerant flow is per- 
mitted. components actually are 
weighed into the supply cylinder 
through a capillary tube. This has 
been found to provide good control 
and ease of weighing for the prepara- 
tion of mixtures to an accuracy of 
0.05%. In order to assure uniform- 
ity of composition the cylinder is 
rolled prior to use. 

A small cylinder is evacuated and 
filled slowly to a pressure well below 
saturation with vapor from the liquid 
phase of the supply cylinder. This is 
used as a stan in comparing the 
compositions of samples taken from 
the calorimeter with that of the mate- 
rial charged. The analyses are made 
with a gas chromatograph. 


C. Attaining Equilibrium—A state of 
equilibrium must be in the 
system before any data are taken 
during arun. The conditions con- 
trolled to obtain and maintain this 
equilibrium are as follows: 

1. The suction pressure at P; cor- 
responding to the desired evapo- 


110 F). 
3. Th ction t 


In the case of pure compounds for 
which tables of thermodynamic prop- 
erties are available, the values for 

ressures P; and P; at the respective 
esired temperatures are obtained di- 
rectly from the tables. The required 
value is established and maintained at 
P, by adjusting the flow through the 
expansion valve (E). The desired 

ressure is obtained at P; by control- 
ing the flow of cooling water to the 
condenser (C). The third variable, 
ithe suction gas temperature at T,, is 
controlled by varying the heat input 
to the boiler-calorimeter (F). 

In the case of refrigerant mixtures 
or compounds for which tables are 
not available, suction and di 
gas control res must first 

etermined. is is done in the fol- 
lowing manner. With the system 
operating, the expansion valve (E) 
is adjusted to obtain the desired evap- 


| 

2. The discharge gas pressure at % 

P; corresponding to the desired i 

condensing temperature (usually : 

| 

‘ 
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orating temperature at T:. The cor- 
responding pressure is read at P. 
This pressure value then is estab- 
lished as the suction gas pressure at 
P, by adjustment of the expansion 
Similarly, by manipulating 
the water flow to the condenser (C) 
the desired condensing temperature 
is established at T» in the receiver 
(D) and the corresponding pressure 
read at P,. This value then is used 


D. Data T With the attain- 
ment of ilibrium conditions, as 
evidenced the constancy of the 
control values, P;, P; and T,, the 
watthour counter (W:) on the 
boiler-calorimeter and a timer are 
activated. Approximately 20-30 
min later, _ counter and timer 
readings recorded together 
with those “of the indicating watt- 


meter (W:) the motor-compres- 

sor (A) and the various pressure 
and temperature points. is in- 
formation is made a part of the 
permanent record of each calorim- 
eter test run. The same procedure 
is repeated during the period of 
the run, approximately 3 hr, ‘1 
readings being made each 20 to 
30 min until 3 or more identical 
sets of readings are obtained 


- Sampling—Upon completion of the 


while the unit is 
still at equilibrium conditions, a 
sample of the refrigerant vapor 
is withdrawn into a small evacu- 
ated cylinder from the sampling 
valve (V:) in the suction line. The 
composition of this vapor sample 
is then com with that of the 
standard en from the supply 
cylinder prior to the start of the 
test. In all cases the gas being 
circulated had the same composi- 


Table | !-A—Performance Characteristics of Refrigerants 22/12 


Mixtures 


Nominal Conditions: —20 F Evaporating temperature 
65 F Temperature of vapor entering compressor 
110 F Condensing temperature 


Tests made with Compressor A 


Data for Indicated gaa 22/12 Mixtures (wt %/,) 
25/75 75/25 


0/100 85/15 100/0 
Refrigerating Capac 
Measured 1,250 1,625 2,135 2,315 2,355 2,360 
$ of Refrigerant 12 100 130 171 185 189 189 
, of Refrigerant 22 53 69 90 97 100 100 
Coefficient of Performance 
Actual 0.70 0.78 0.92 0.9% 0.97 0.97 
Indicated* 1.66 1.54 1.64 1.67 1.66 1.67 
Compression Ratio 9.88 9.54 9.40 9.46 9.51 9.74 
Suction Pressure (psia) 15.3 20.4 23.5 24.8 25.1 25.0 
Discharge Pressure ( psia) 151 195 221 235 239 243 


Suction Temperature (F)” 134 130 
Discharge Temperature (F)” 236 249 


Motor Input (watt) 520 610 
Evaporator Input (watt) 366 476 


* Indicated C.0.P. = 


“1940037 137 142 


262 273 275 282 


680 705 715 715 
625 678 690 692 


Evaporator watt input 


Motor watt at load conditions — Motor watt at no-load conditions (300) 
» Refrigerant temperatures in compressor head approximately 1/16 in. from valve reeds. 


| 3 as the gas discharge pressure at P; 
for the run by further adjustment E 
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tion as that of the refrigerant 
charged. The gas chromatograph 
used in making these analyses 
gave composition values with an 
accuracy of 0.1% or better. 


The liquid refrigerant being cir- 
culated was analyzed in a few runs. 
The sample was taken at valve (V:) 
and the procedure followed was that 
used in obtaining the standard sam- 
Ee > the supply cylinder (See 


RESULTS AND DISCUSSION 


A. Test Conditions — Most of the 
tests were carried out at nominal 
evaporator tures of —20, 
—10 and 40 F and a nominal con- 
denser temperature of 110 F, with 
the suction gas superheated to 65 F. 
These itions were chosen as 
representative of those that would 
be expected in many refrigerating 
and air-conditioning applications. 
In addition, a few runs were made 
at nominal evaporator tempera- 
tures as low as —60F. 

In making our measurements, 
the suction and discharge pressures 
equivalent to the desired evapora- 
tor and condenser saturation tem- 
peratures (—20 and 110F, for ex- 
ample) were fixed at points close 
to the compressor (P, and P,). 
Hence, the evaporator and con- 
denser temperatures reported are 
nominal values. The true evapora- 
tor temperatures are 2-5F higher 
and the true condenser tempera- 
tures are 0-2F lower than the 
nominal. These differences are due 
to the pressure drops in the respec- 
tive portions of the system. 


B. Data Reported—The manner of 
r ing the results and the bases 
are derived are the 


on whi 


same in all the tables. Thus, the 


measured refrigerating ities 
(see Table I-A) are calculated from 
the evaporator power inputs re- 
ported, on the basis of a 1-hr time 
period. Watthours are converted to 
Btu/hr by multiplying by the fac- 
tor 3.413. 
Increased cooling capacity re- 
uires increased power input to 
motor. This is shown by the 
values reported for motor and evap- 
orator (power) inputs. 

The actual C.O.P. values re- 
ported are obtained by dividing 
the evaporator input by the motor 
input. In reporting the indicated 
C.O.P.s the power required by the 
motor-compressor under no-load 
conditions with the suction valves 
removed (300 watt) is subtracted 
from the total motor input. 

The theoretical C.O.P. values 
are calculated from the tables of 
thermodynamic properties using 
the nominal operating conditions 
specified. Each value is the ratio 
of the net refrigerating effect to the 
heat of compression at constant 
entropy. The net 
is obtained by subtracting the en- 
thalpy of the liquid at the con- 
densing temperature (usually 110 
F) from the enthalpy of the super- 
heated vapor entering the com- 

ressor (at the suction pressure 
PP.) and usually at 65 F). The heat 
of compression is obtained by sub- 
tracting the above enthalpy of the 
superheated vapor entering the 
compressor from the enthalpy of 
the vapor after compression along 
an isentrope to saturation pressure 
(P;) at the nominal condenser tem- 
perature (usually 110 F). 
Suction and discharge pres- 
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sure readings are taken directly 
from the test unit at P, and P,. The 
compression ratio, of course, is the 
ratio of the latter to the former. 
Both the suction and discharge 
gas temperatures reported are the 
averages of the readings measured 
on both cylinders with special 
thermocouples at T; and T,, as 
described in Section A under Calo- 
rimeter Test Unit. In each case 
the temperatures measured were 
within 1F of each other. They 
represent the best values known 
to the authors for such tempera- 
tures. It is estimated that they will 
be even better if 5-10 F are sub- 
tracted from the suction tempera- 
tures and a similar amount added 
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to the discharge values. These 
corrections represent heat gains 
from, or losses to, the compressor 
housing due to radiation. 


C. Accuracy of Results—The over- 
all accuracy of the refrigerating 
capacity data obtained in this unit 
is dependent on the accuracy of the 
individual instruments. For in- 
stance, the motor-compressor is 
provided with a constant e 
supply of 230 volt + 0.1%. e 
absolute pressure gage used to 
measure suction pressures up to 58 
psia can be read accurately to 0.05 
psi. Frequent calibration runs are 
made on the various thermocouples 
used to assure accuracy within + 2 


Table Characteristics of Refrigerants 13B1/12 
Mixtures 


Nominal Conditions: —20 F Evaporating temperature 
65 F Temperature of vapor entering compressor 
110 F Condensing temperature 


Tests made with Compressor B 


Data for Indicated Refrigerants 13B1/12 Mixtures (wt %,) 
50/50 /0 


0/100 25/75 75/25 100, 

Refrigerating Capacity 

Measured (Btu/hr) 1,150 1,295 1,480 2,670 4,160 

¢ of Refrigerant 12 100 112 129 232 362 

, of Refrigerant 22 53 60 68 123 191 
Coefficient of Performance 

Actual 0.58 0.62 0.67 0.94 1.10 

Indicated* 1.20 1.22 1.24 1.48 1.51 

Theoretical 2.50 2.02 
Compression Ratio 9.88 9.89 9.68 8.50 7.30 
Suction Pressure (psia) 15.3 17.0 19.8 315 48.6 
Discharge Pressure (psia) 151 168 192 . 268 355 
Suction Temeprature 5 131 129 125 117 106 
Discharge Temperature (F)” 233 235 239 247 249 
Motor Input (watt) 580 610 650 830 1,105 
Evaporator Input (watt) 337 379 434 783 1,219 


* Indicated C.0.P. = 


Evaporator watt input 


Motor watt at load conditions — Motor watt at no-load conditions (300) 
> Refrigerant temperatures in compressor head approximately 1/16 in. from valve reeds. 
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F in the temperature measurements 
made. Likewise, the electrical 
measurement devices have been 
checked to maintain their original 
accuracy of +1%. 

As a result of making numer- 
ous runs on Refrigerants 12 and 22, 
it has been found that replicate 
runs will be within 0.3% each 
other. Each time a comparison run 
is made between refrigerants, a 
new calibration run is made on the 
base refrigerant (usually 12 or 22). 

Considering the entire system 
as a unit, it is estimated that the 
refrigeratin data obtained 
ud cy of +5% 
or better. In making this estimate 
consideration was given to the 


effect on refrigerating capacity of 
a small the liquid 
that occurred in line between 
the receiver (D) and the expansion 
valve (E). It was found to repre- 
sent an increase in capacity of from 
2% at most liquid fer rates to 
about 4% at a few of the very low- 
est flows. None of the cooling ca- 

ity values has been corrected 
or this effect. 


D. Refrigerants Studied—The in- 
dividual compounds or azeotropes 
tested in this work were Refriger- 
ants 12, 13B1, 22, 115, 500 (the 

12/152a, 73.8/26.2 wt %), 
and 502 (the 22/115, 
48.8/51.2 wt %). The results ob- 


Table |11-B—Performance Characteristics of Refrigerants 13B1/12 
Mixtures 


Nominal Conditions: —10 F 
65 F Temperature of vapor entering compressor 
110 F Condensing temperature 


Tests made with Compressor B 


Data for Indicated Refrigerants 13B1/12 Mixtures (wt 7) 
25/75 65/35 00/0 


0/100 


1,950 
% of Refrigerant 12 100 
f, of Refrigerant 22 56 
Coefficient of Performance 
Actual 0.92 
Indicated* 1.76 
Theoretical 2.82 
Compression Ratio 7.90 
Suction Pressure ( psia) 19.2 
Discharge Pressure (psia) 151 
Suction Temperature (Fl 125 
Discharge Temperature (F)” 233 
Motor Input (watt 625 
Evaporator Input (watt) 572 


* Indicated C.0.P. = 


10/90 
2,045 2,555 3,855 5,540 
105 131 198 284 
59 74 112 160 
0.89 1.00 1.21 1.31 
1.60 1.66 1.79 1.74 
— 2.35 
7.88 7.33 6.89 5.94 
21.3 26.2 38.9 59.7 
168 192 268 355 
118 113 105 100 
229 232 235 238 
675 750 930 1,235 
599 749 1,129 1,623 


Evaporator watt input 


Motor watt at load conditions — Motor watt at no-load conditions (300) 
> Refrigerant temperatures in compressor head approximately 1/16 in. from valve reeds. 
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Refrigerating Capacity 


tained are 
along with similar data for single’ eva 
mixtures of Refrigerants 13/12 and 
13/22. 

Numerous mixtures of Refrig- 
erants 12 and 22 with each other 
and with Refrigerant 13Bl were 


are given in Tables I-A,B,C 
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temperatures over a 


capactios from that of 
gerant 12 to that of Refriger- 
ant 13Bl. The values listed are 
taken from Tables I-IV. The ca- 
pacity data also are reported here 


examined. The results are given in in terms of their tage of the 
Tables II-A,B,C, II-A,B,C and capacities of Refrigerants 12 and 
IV-A,B,C. The refrigerating capac- 22. 


ity data for the three mixtures at 
the —10F nominal evaporating 
temperature also are pl in Fig. 
2. Similar curves can be prepared 
for the —20F eva condi- 
tions by referring to the data of 
Tables II, ITI and IV. 


Table V contains representa- 


A comparison has been made 
of the effect of evaporator tem- 
perature on the refrigerating ca- 
pacity of Refrigerants 12 and 22. 
is shown in Fig. 3 where 
curves obtained from both meas- 
urements and theoretical calcula- 
tions are given. 


Table 111-C—Performance Characteristics of Refrigerants 13B1/12 
Mixtures 
Nominal Conditions: 40 F Evaporating temperature 
65 F Temperature of vapor entering compressor 
110 F Condensing temperature 


Tests made with Compressor B 
Data for Indicated Refrigerants 13B1/12 Mixtures ie 


. 0/100 10/90 25/75 65/35 
Measured ( 8,660 9,080 10,230 6,595° 8,125° 
of Refrigerant 12 100 105 
of Refrigerant 22 63 67 75 110 135 
Coefficient of Performance 
Actual 2.86 2.86 3.00 2.33 2.29 
Indicated* 4.34 4.22 4.28 3.65 3.22 
Theoretical 5.91 5.14 
2.93 2.91 2.87 2.71 
Suction Pressure (psia 51.7 57.7 66.7 98.7 139 
Discharge Pressure (psia) 15! 168 192 268 355 
Suction 86 84 82 100 95 
Discharge Temperature Dey 170 169 168 178 180 
Motor Input (watt) 885 930 1,000 830 1,040 
Evaporator Input (watt) 2,537 2,660 2,997 1,932 2,380 
* Indicated C.0.P. = 


Evaporator watt input 


Motor watt at load conditions — Motor watt at no-load conditions (300). 
> rigerant temperatures in compressor head approximately 1/16 in. from valve reeds. 
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A few runs were made with 
Refrigerants 13B1 and 22 at nomi- 
nal evaporator temperatures of 
—60, —40 and OF to show their 
relative performance characteris- 


tics, especially at the lower tem- 


which will give any desired rea- 
sonable increase in its capacity. By 
selecting the proper compounds or 
mixtures the same capacity can be 
obtained in a unit operating on 
either 50 or 60-cycle current. By 


peratures. The results are reported choosing the proper series of re- 
in Table V1. frigerants it is possible to obtain a 
maximum of flexibility in cooling 


E. Use of Data —A wealth of in- 
formation is presented in the tables. 
Their single most important value 
is in comparing the cooling capaci- 
ties of the various refrigerants 
studied. For example, in the case 
of any given compressor the data 
available make it possible to pick 
alternate refrigerants for use in it 


capacity with a minimum number 
of compressor sizes. More than one 
size of motor will be required for 
each compressor since any increase 
in capacity requires an increase in 
motor power input. 
In using the data ted it 
should be remembered that all the 
values were obtained with a single 


Table IV-A—Performance Characteristics of Refrigerants |3B!/22 
Mixtures 


Nominal Conditions: —20 F Evaporating temperature 
65 F Temperature of vapor entering compressor 
110 F Condensing temperature- 


Tests made with Compressor B 


Data for Indicated Refrigerants 13B1/22 Mixtures (wt %/,) 
0/100 50/50 


Refrigerating Capacity 
Measured { Btu/hr) 


25/75 75/25 100/0 


2,850 3,250 3,725 4,160 
248 


of Refrigerant 12 189 283 324 362 
of Refrigerant 22 100 131 149 171 191 
Coefficient of Performance 
Actual 0.84 1.03 1,00 1.04 1.10 
Indicated* 1.38 1.63 1.46 1.45 1.51 
Ratio 9.74 9.13 gas 7.80 7.30 
Suction Pressure (psia) 25.0 30.2 36.6 43.6 48.6 
Discharge Pressure (psia) 243 276 309 355 
Suction Temperature { Fle 141 134 125 115 106 
Discharge Temperature (F)” 282 279 273 261 249 
Motor Input (watt) 760 813 950 1,050 1,105 
Evaporator eon (watt) 637 835 952 1,091 1,219 
* Indicated C.0.P. = 


Evaporator watt input 


Motor watt at load conditions — Motor watt at no-load conditions (300) 
> Refrigerant temperatures in compressor head approximately 1/16 in. from valve reeds. 


q 
| 


model of compressor. The same 
relationships reported here will 
“pply to any other compressor even 

gh the actual capacity values 
may be shifted up or down. To 
obtain absolute values it is neces- 
sary to carry out measurements 
with the specific compressor under 
consideration. 

Some typical examples of the 
increased capacity that can be ob- 
tained by using a lower-boiling re- 
frigerant or by adding a lower- 
boiling component to refrigerants 
such as 12 or 22 are shown in Table 
V. The refrigerants are listed in 
the order of their increasing capaci- 

ties at the —20 F evaporator condi- 
es From these data the engi- 


ASHRAE TRANSACTIONS 


neer who has the problem of ob- 
taining increased capacity from a 
given compressor can determine 
what ible comnounds and mix- 
tures will apply to his case. Thus, 
an examination of Table V_ will 
show him that in obtaining a 30% 
increase in capacity over that of 
Refrigerant 12 he has a choice of 
any one of three mixtures of refrig- 
erants; namely, 13/12 (11/89 wt %), 
13B1/12 (25/75 wt %), or 22/12 
(25/75 wt %). 

Table V also shows compara- 
tive data at evaporator tempera- 
tures of —10 and 40 F. It will be 
noted that in some cases the rates 
of increase in refrigerating —— 
are quite different from those a 


Table 1V-B—Performance Characteristics of Refrigerants 13B!/22 
Mixtures 


Nominal Conditions: —i0 F Evaporating 


temperature 
65 F Temperature of vapor entering compressor 
110 F Condensing temperature 


Tests made with Compressor B 


Data for Indicated 1581/28 Mixtures (wt %,) 


0/100 25/75 75/25 10/0 
ng 
Measured (Btu/hr) 3,455 4,145 4,555 5,145 5,540 
% of Refrigerant 12 177 213 234 264 284 
of Refrigerant 22 100 120 132 149 160 
Coefficient of Performance 
Actual 1.23 1.25 1.25 1.29 1.31 
Indicated* 1.94 1.81 1.75 1.74 1.74 
Theoretical 2.61 2.35 
Compression Ratio 7.78 7.29 6.86 6.39 5.94 
Suction Pressure (psia) 31.3 37.8 45.0 53.1 59.7 
Discharge Pressure (psia) 243 276 309 340 355 
Suction Temperature (F)” 128 121 112 105 100 
Discharge Temperature (F)° 272 267 258 248 238 
Motor Input (watt) 823 970 1,065 1.165 1.235 
Evaporator Input (watt) 1,013 1,215 1,335 1,507 1,623 


* Indicated C.0.P. = 


watt input 


Motor watt at load conditions — Motor watt at no-load conditions (300) 
© Refrigerant temperatures in compressor head approximately 1/16 in. from valve reeds. 
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—20F. In fact, the order of in- 
crease is even reversed. For exam- 
ple, the capacity of Refrigerant 115 
is 16% greater than that of the 
25/75 wt % mixture of Refrigerants 
22/12 when each is compared to 
12 at the —20F evaporator tem- 
perature. At —10 F evaporator, on 
the other hand, Refrigerant 115 has 
9% less capacity than does the Re- 
frigerant $2/12 mixture. This is a 
startling difference and may have 
real significance to some specific 
application. 

With any mixture the refrig- 
eratin ity can be increased 
from that of the high-boiling com- 
ponent to that of low- boiling 


one. For a. at an evaporator 
temperature of —10F and a con- 
denser temperature of 110F, Re- 
frigerant 12 has a cooling capacity 
of 1950 Btu/hr in our specific 
calorimeter unit while Refrigerant 
13B1 has a c ty of 5540 Btu/ 
hr ). Any desired ca- 
between these two values 
be obtained by the 
mixture of the two 
The curves of Fig. 2 are helpful in 
making such a choice not only for 
Refrigerants 13B1/12 mixtures but 
also for those of Refrigerants 22/12 
and 13B1/22. 
It is well known that refrig- 
erating capacity is increased-as the 


Table IV-C—Performance Characteristics of Refrigerants 
Mixtures 
Nominal Conditions: 40 F Evaporating temperature 


65 F Temperature of vapor entering compressor 
110 F Condensing temperature 


Compressor operating on only one cylinder 


Tests made with Compressor B 


Data for Indicated Refrigerants 13B1/22 ee we 


0/100 
Capacity 


25/75 50/50 75/25 


Measured (Btu/hr) 6010 6910 7,800 8170 8,125 ; 
% of Refrigerant 22 100 115 130 136 135 
Coefficient of Performance 
Actual 2.20 2.30 2.44 2.37 2.29 : 
Indicated* 3.52 3.49 3.60 3.37 3.22 Oi 
Theoretical 5.64 — — 5.14 
Suction Pressure (psia) 83.7 98.7 114 130 139 
Discharge Pressure (psia) 243 276 309 340 355 
Suction Temperature me (th 110 105 97 95 95 
Discharge Temperature (F)” 208 201 190 184 180 
Motor Input (watt) 800 880 935 1,010 1,040 
Evaporator Input (watt) 1,761 2,025 2,285 2,394 2,380 

Indicated C.0.P, = 


Evaporator watt input 
Motor watt at load conditions — Motor watt at no-load conditions (300) 


> Refrigerant temperatures in compressor head approximately 1/16 in. from valve reeds, 
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460 
temperature is raised 
while the other operating condi- 


tions are kept constant. However, 
there are large differences between 
the theoretical values and those 
actually obtained. These differ- 
ences are illustrated by the curves 
for Refrigerants 12 and 22 shown 
in Fig. 3. It is seen that actual 
refrigerating capacities are always 
less than the theoretical values 
and that, at low evaporator tem- 

tures, the relative percentage 
og of capacity is much greater 
than at high evaporator tempera- 
tures. This is due primarily to the 
lower volumetric efficiency of the 
compressor at the high compres- 
sion ratios associa with the 
lower temperatures. 

The performances of Refrig- 
erants 13Bl and 22 are compared 
under a few lower-temperature 


rei 
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conditions (Table VI). The data 
illustrate the greater capacity of 
the lower-boiling Refrigerant 13B1. 
For example, it has over 3 times 
the cooling capacity of Refrigerant 
22 at evaporator and condenser 
temperatures of —40 and 90 F, re- 
spectively. This is due to the 
greater suction pressure and lower 

ession ratio of Refrigerant 
13B1. 

Another prope of refriger- 
ants that is to the 
neer is the temperature of the dis- 
charge gas at a given compression 
ratio. It is interesting to note the 
differences in the values obtained 
for the various com ds and 
azeotropes studied. From Tables 
I-A,B,C we see that, at any given 
set of conditions, Refrigerant 22 
has the highest discharge gas tem- 
perature and Refrigerant 115 the 


2 Effect of refrigerant composition on 


i 
gerating capacity 
Temperature Conditions: 100% Refrigerant 138! 
Suction Gos 
5000} 10°F Condenser 


REFRIGERATING CAPACITY ( Btu/hr.) 


= 


J 
| 
° 20 a0 60 80 100 
LOWER - BOILING COMPONENT ( WT%) 
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lowest of the compounds studied. 
In the case of Refrigerant 502, an 

of Refrigerants 22 and 
115, the 115 serves to reduce the 
discharge gas temperature. At the 
same tiene small increase 
in refrigerating capacity over that 
of Refrigerant 22. This may be of 
real importance to some applica- 
tions. 


F. Azeotropes and Mixtures — An 
azeotrope is a mixture, usually of 
two compounds, which behaves 
physically as if it were a single 
pure compound. Thus, its vapor 
composition is the same as that of 
the liquid. This is true, however, 
for only a specific composition at a 
specific pressure. Azeotropes with 
boiling points below those of either 
component, as illustrated by the 
two azeotropes discussed in this 


work, have refrigerating capacities 
greater than those of the individual 
components. For example, the cool- 
ing capacity of Refrigerant 502 is 
greater than that of either Refrig- 
erants 22 or 115 (Tables I-A,B,C). 
In contrast, an ordinary mixture 
(which is not an azeotrope) has a 
capacity between those of its com- 
ponents. 

In an actual refrigerating unit 
other factors besides capacity must 
be considered. During operation, 
we have shown that both azeo- 
tropes and mixtures have fixed re- 

roducible cooling capacities. In 

th cases, the composition of the 
gas being circulated is the same 
as that of the refrigerant charged. 
On shutdown, however, the low- 
boiling component of a mixture 
will concentrate in the vapor phase 
due to its higher vapor pressure. 


REFRIGERATING CAPACITY ( 8tu/hr) 


Fig. 3 Effect of evaporator temperature on & 
gerating capacity i 
16,000 
/ 

Temperature Conditions 

65°F Suction Gos 

2,000 4 ped 
a 
— Actuol 

Retrigeront 22, 

Pas | 

-40 -20 ° 20 40 w 
EVAPORATOR TEMPERATURE (°F) 2 


An is subject to a similar 

effect though to a lesser i 

because its composition will chan 

with change in the pressure of the 
stem. exact amount of this 

effect will depend on the character- 

istics of the specific azeotrope. 

The above comments apply 
only to systems using flash-type 
evaporators. The use of mixtures 
in evaporators has not been 
studied. 

Another factor is the relative 
oil solubility of the components of 
the or mixture. Gener- 
ally, the lower-boiling component 
is more highly fluorinated and thus 
has poorer solubility in the oil. 
This accentuates its concentration 
in the vapor phase, regardless of 
whether it is present as part of an 
azeotrope or of a mixture. 


G. Continuing Program — Our 
calorimeter test program is con- 
tinuing in the search for composi- 
tions having singular properties. It 
also being extended some low- 
temperature refrigerants. 

The use of new compositions 
as refrigerants raises questions re- 
garding their long-term stability in 
a system. Sealed-tube and unit sta- 
bility tests, the latter in both labo- 
ratory and commercial equipment, 
are being carried out on various 
mixtures. The compatibility of the 
compositions with r tative 
elastomers, plastics insulating 
materials is also under study. 

Oil solubility is another 
of the work under investigation. In 
this connection, it is interesting to 
note that one of the iaivar-balliig 


compounds studied, Refrigerant 
13B1, has good solubility in oil. 
For example, its solubility is far 
better than that of Refrigerant 22. 


SUMMARY 


The of a variety of 
refrigerants, and mix- 
tures has been studied in a calo- 
rimeter unit and is reported here. 
Comparative capacity data have 
been obtained over a range of tem- 
peratures typical of refrigerating 
and air- itioning 
These studies show that the use of 
mixtures is both feasible and prac- 
tical and that definite and repro- 
ducible operation can be obtained 
with them. Actual operating infor- 
mation provides a basis for further 
consideration by refrigerating en- 
gineers. 

This practical demonstration 
of the use of mixed refrigerants 
almost unlimited possi- 

iti¢s for varying the capacity of 
systems. Design engi- 

ve greater ibility 
in studying new applications and 
problems and in selecting compres 
sor size and speed. F dee sade studies 
with refrigerant mixtures are con- 
tinuing, as well as the search for 


new refrigerants. 
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DISCUSSION 


T. Atwoop, Edgewater, N. J. (Written): The 
has been 


work should revive interest and, provided no 


answer to the ynamic rela- 
tionships in an operating system. 

We also performed a series of experi- 

ments with Refrigerants 12 and 22 using 


mixtures of Refrigerants 12 and 22 in 
refrigeration systems. Each refrigerant has a 
different set of prob which must be de- 


mains constant. Refrigerant leaks are not un- 
known. Since it is more concentrated in the 


i 


stated to have a greater solvent power for oils 5, 
Refrigerant 22. Further tests should show 
quently discussed but the doubts concerning that the reactivity of Refrigerant 13B1 is sat- & 

changes in composition in the system and un- isfactorily low and that it will have a lesser a 
equal loss of components via leaks have de- softening action on wire enamels and motor : 
impregnating varnishes than does Refrigerant 

substantial deleterious effects are discover respect to this property. It is indicated that it fy 
may lead to tailoring refrigerants for systems will have an advantage over Refrigerant 22 in a 
instead of tailoring systems for available single returning oil to the compressor. These ad- 
component refrigerants. vantages over Refrigerant 22, together with = 

Development of thermodynamic tables the use of a smaller compressor which would x 
for mixtures is an almost impossible task and go with a denser gas, might be sufficient to Bi 
still would not give the practical answer. The warrant the design of compressors specifically ss 
method described is simple and does give a for the use of Refrigerant 13B1 in air-condi- % 

tioning systems. However, there would be Re 
greater difficulty in keeping the noise down a 
to a satisfactory level. 4 
As a chemist, I am not enthusiastic about 
ASHRAE Standard 23 R with 86/5 F cycle fA 
and approximately 20 deg superheat. Our tests Pi 
indicated a somewhat greater capacity in- oy 
crease of mixtures passing through a maximum signed around. ‘ 
in the 40-60% Refrigerant 12 range with an Refrigerant mixtures as a class do not ae 
accompanying increase in coefficient of per- appeal to me. A mixture is used to increase or s 
formance. This may be due to variations in decrease the capacity of an existing compres- A 
compressor efficiencies, and we would like sor by a desired percentage under given oper- ‘ 
to know the refrigerant for which the com- ating conditions. The desired capacity will “e 
pressors were designed in the tests described only be obtained if the refrigerant charge re- oe 
was similar using a dry expansion cycle. We 2 
wish to confirm that refrigerant composi- gas phase, the more volatile constituent will o 
tion does not change in the system; samples escape more rapidly from a leaky system and n 
were taken before and after the compressor the capacity will change continuously until is 
and before and after the expansion valve. the leak is repaired and the machine re- 

The differences between two identical charged. Also, frequently the air is purged out es 
compressors on some cycles are quite startling of a system along with some of the refrigerant ne 
and certainly point up the difficulty in achiev- rather than by pumping it out with a vacuum { 
ing reproducibility of results in different com- pump. Removal of air by purging with the % 
pressor designs. It would be of interest to have refrigerant can be a satisfactory process when Ks 
the same tests run with a series of compres- the refrigerant is a single compound and the oy 
sors of « wmparable displacement, but designed purging is properly controlled. Purging of air zs 
for different refrigerants. with a mixture of refrigerants can change the o 

The discharge and suction temperatures capacity of a system just as a major leak will. as 
obtained from locations immediately over the e 
valve plates are of real interest, The difference AutHor CuapMan: We do not advocate com- a 
in temperature between the valve area and plete use of mixtures. We are suggesting that 4 
the conventional thermometer locations would the use of some of these mixtures may help in 
be of general interest if they were available. solving some of the problems of the compres- ‘ 
AvutTHor CHapMan: The compressor used in : 
these tests was a high pressure Refrigerant 22 Z a 
type. This was chosen to enable us to carry * 
out investigations of higher-pressure refriger- er 
ants in the range of a 40 F evaporator. as 

The difference in temperature between ra 
the valve area and the conventional thermom- oa 
eter locations was measured and is a part of i= 
the test record. Unfortunately, this informa- a 
tion is not available at present. 

the refrigerant can cause changes of consider- ee 
H. M. Exssy, Oakmont, Pa. (Written): It is able magnitude. It seems possible that we = 
my belief that the most interesting of the com- could predict properties for mixtures from the ae 
upon t or mono- 
bromotrifluoromethane. At first glance this AvurHor Cuapman: I agree with Mr. Thomas’ 
refrigerant would seem to be useful only in belief that it is possible to estimate certain is 
low-temperature applications. However, it is properties of mixtures from the properties of mes 


frigerant 12 or 22. Com; 
ing is expensive; it is also troublesome from an 


standpoint. Refrigerant 13B1, with 
condenser 


the pure components. We have used this pro- Were any efforts made to make runs on using —) 
cedure regularly to scout, for instance, the a fluid ray oy» Were there any specula- B. me 
vapor pressure of a mixture at a given tem- tions as to fluid evaporator temperatures a et 
perature or the theoretical refrigerating capac- would relate themselves, or rather, the refrig- q moh 
ity of a mixture prior to running the mixture erant would relate itself in composition of the if 
in our calorimeter. circulating gas? ; ee 
W. Los Angeles, Calif.: Refriger- Cuarman: No, we have not done 
ant 13B1 has an evaporating range temper- 5 Bs 
ature between minus 40 and minus 65 where, = w.O, Warxen: I want to commend the auth- a 
in the last few years, it has been necessary to — ors for including the tube test of the mixtures if 
use either cascade or Compound F12 or Re- of azeotropes with the oils and other materi- q Ps 
als. Without these tests to demonstrate the g ee 
stability of the refrigerant oil mixtures in the re ; 
operating presence of materials in the refrigerating sys- B Z 
on tem, little practical value can come from a 3 , 
tory job. determination of the refrigerating capacity of 4 r 
the characteristic mixtures and azeotropes. If % t 
Watrer O. Watxen, Coral Gables, Fla.: Was there is no stability, the azeotropes cannot be = I 
any effort made to use a fluid type evaporator? used under other than specifiec conditions. Fs - 
3 
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Solar Heat Gains through Domed Skylights 


L. F. SCHUTRUM 
Member ASHRAE 


Solar heat through four types 
of light controlling and three types 
of flat glass skylights were reported 


upon some time ago by Messrs. 
Vild and Parmelee’; however, in- 
formation on the heat _ 
through a quite common 

light, the plastics dome, which is 


becoming increasingly pop 
not a le. The ee 
study was to obtain data so that 
solar heat gains through acrylic 
“eae dome skylights could be 
engineer. Three domes having 
high, medium and low light trans- 
mitting qualities were selected to 
cover the range of normal practice, 
and a fo dome which was 
painted black was tested in the 
ASHRAE Solar Calorimeter.’ 
This calorimeter has been 
used over the years for mg 
data on heat flow throu 


N. OZISIK 


Society’s Technical Ad Com- 
mittees. The t ly was 
started udder guidance of the 
former TAC on Heat Flow 
Through Fenestration, which has 
been discontinued through re- 
organization of the Technical 
Committees. 


TEST APPARATUS 


The heat gain through the sky. 


rate of flow of the circulating mix- 
ture of ethylene glycol and water, 
and the difference between inlet 
and outlet fluid . Ad- 
justments were made for the heat 
flow through the back of the calo- 
calorimeter could be 
to any desired azimuth and 
about a horizontal axis. The 
ing to which the skylight was tted 
was 44% x 44% in. 


; Instrumentation — The solar radia- 


Colo., June 26-28, 1961. 


tion was measured with two 
* ley pyrheliometers mounted on 
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face of the panel on opposite sides 


pytheliometer was used at times to 
measure the direct normal solar 
radiation. Other weather condi- 
tions recorded were of the dry bulb 
and wet bulb tem , wind 
velocity and direction, and an in- 
dication of the and 
hazyness of the sky. A convection 
compensated radiometer* was used 


to measure the low ture 
radiation from the sky. The 
temperatures the calorimeter, 
skylight and outdoor air were 
by and as 
much as possible of data was 
recorded on a 16-point electronic 


roll chart recorder. Manual read- 
ings also were taken by means of 
an electronic potentiometer. 


were used in 
from 4 by 4 ft sheets of acrylic 
plastics to fit the of the 
calorimeter (44% x 44% in). 
Three domes, and the diffuser 
being held by the technician, are 
shown in Fig. 1. The dome height 
at the center was approximately % 
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are two and the 
convection com ensated radio- 
meter. A brief of the 


domes is given in Table I. 


Test Procedure — The solar calo- 
rimeter was set in a horizontal 
position for most of the tests ex 


calorimeter was tilted. Tests were 
made with the calorimeter in a 
fixed position or with the calorim- 
eter adjusted to follow the sun. 
Data were gathered throu 

the 10 or 15-min test iods, on 
the solar radiation, desired angles, 
outdoor environment, calorimeter 


liquid flow rate and temperature 


Fig. 1 Plastics domes and light diffuser 


> of the and the ay, of the 

light diffuser was about 2 in. Two 

the domes shown in the picture 

are types, and the 

third was painted black for — 
test purposes. A fourth 

which is transparent, is shown in 

Fig 2, in position on top of the 

i orimeter ready for testing. In 

this case it is mounted on a special 

. curbing, 18 in. high, but in other 

| tests a 9-in. curb or no curbing at 

all was used. Also seen in Fig. 2 

where special angles of incidence 

Skylights—The four plastics domes were desired, in which case the 

| 
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rise, and the various surface tem- 


peratures. 

falling upon 
a dome sky will be relented 
partly partly ab- 


sorbed, and the remaining radia- 
tion will pass on through into the 
interior of the building. The re- 
flected radiation is rejected and is 
not involved in the heat balance. 
Because the skylight is heated by 
the absorbed radiation, it will in- 
crease in temperature until the rate 
of solar radiation absorbed equals 
the rate of heat loss by radiation 
and convection to the outdoors and 
indoors, and by conduction heat 
flow to the supporting members. 
The radiation and convection and 
the aforementioned solar radiation 
passing through the skylight are 
the components which constitute 
the total solar heat gain. 


METHOD OF ATTACK 
At the outset, it was decided to 


compute the solar of the 
domes to be tested from measured 
rties of the flat sheets 


which the domes were 
formed. These theoretical - 
ties of the domes could 
verified by tation in the 
solar calorimeter and re-evaluated 
if necessary. Convection and radia- 
tion exchanges between the sky- 
light and interior would be deter- 
mined by test. 


Transmittance—The solar transmit- 
tance is defined as the ratio of the 
rate of solar energy passing 
through a material and the incident 
solar energy. Reflectance similarly 
is a ratio of reflected to incident 
radiation. The solar transmittances 
and reflectances of flat sheets of 
three thicknesses and of the three 
basic types of plastics were meas- 
ured by means of an Eppley 
pyrheliometer. These measure- 
ments were made for angles of 
incidence up to 60 deg. The trans- 


Fig. 2 Transparent dome and 18-in. curb- 
ing mounted on solar calorimeter for testing 


| 
H 
| 
| 
| 
| a 
5 
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mittances and reflectances of flat 
sheets for various angles of inci- 
dent solar radiation are given in 
Appendix A. 

From the transmittances and 
reflectances of the flat sheets, the 
solar transmittances and reflect- 
ances were computed for a hemi- 
spherical shaped dome and a 
spherical segment (Fig. 3). The 
method of computation is de- 
scribed in the appendix, but essen- 
tially these properties were com- 
puted by dividing the dome into 
zones, having a limited range of 
incidence angles, and using the 
transmittances and reflectances de- 
termined from the flat sheets for 
the average incident angle of each 
zone. For the trans nt dome, 
the transmitted radiation and radi- 
ation reflected from the outside of 
the dome were assumed to be spec- 
ular. After the energy had entered 
through the dome any reflections 
from the dome surfaces were con- 
sidered diffuse. For the diffusing 
domes both transmittances and re- 
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flectances were considered diffuse 


in nature. 


Dome Skylights (No Curbing)—The 
transmittances 

s of flat plastics sheets, hemi- 
Terical domes and spherical seg- 
ments are shown by the curves of 
Fig. 3. Note first of all that the 
transmittance is based on the 
normal intensity of the direct solar 
radiation instead of the incident 
radiation. This relationship was 
used so that the transmittance at a 
90-deg incidence angle could be 
finite instead of being infinite (re- 
sulting from the incident radiation 
on a horizontal plane being zero). 
Experiment... points determined 
from calorimeter tests of actual 
domes made of three types of plas- 
tics also are plotted in Fig. 3. 

The calorimeter measured the 
total heat transfer which occurred 
through the domes. By subtracting 
the convection-radiation heat ex- 
change between the dome and the 
calorimeter, and the diffuse radia- 


Table |I—Specific Features of Domes 
Solar Thickness 
Dome Transmittance of 
Designation of Flat Sheet Plastics* Base Sheet Dome Height 
(Direct Normal) in. 
| Clear 0.86 Acrylic 3/16 11%, 
(Transparent) Colorless 
I Medium 0.52 Acrylic 3/16 11Y%q 
Transmittance White 
(Translucent) W-2447 
Low 0.27 Acrylic 3/16 
Transmittance White 
(Translucent) W-7328 
ight Diffuser 0.58 Acrylic \/8 2% 
(Translucent) White 
» All domes 44% x 4414 in. at the base 
* Number designation by Rohm & Haas Company 
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tion component, the transmittances 
for direct solar radiation were ob- 
tained. These convection-radiation 
and diffuse radiation corrections 
are a small of the total gain 
for near-normal incidence angles, whic 
but become a major part of the 
total gain at high incidence angles 


where the direct component is 
quite small. It will be noted in Fig. 
3, that the experimental points cor- 
relate best with the curve for the 
— (height to diam = 0.21) 

h corresponds closely with the 
shape of the actual domes (height 
to width = 0.25). Tests also were 


——— 
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Fig. 3 Transmit- 
tance of domes 


for solar radiation 
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conducted with the calorimeter to 
determine the effect of the solar 
azimuth on the transmittances of 
the domes. The transmittances 
were found to be practically inde- 
pendent of the olen azimuth, i.e 
whether the sun's rays were in a 


plane parallel to the sides of the 
dome, or parallel to the diagonal. 


EFFECT OF CURBINGS 
AND LIGHT DIFFUSER 


To investigate the effect of curb- 
ing height on solar heat gains, two 


to give curb heights of 9 in. and 
combined to give 18 in. ae 
sponding ratios of width to height 
are 5 and 2%. The 
gs were well insulated to 
to a minimum and instrumented 
so that this heat leakage could 
be measured. The inside surfaces 
were painted with three coats of 
paint of known light reflectance 
(0.75). The solar of the 
walls of the curbing as measured 
with a pyrheliometer was 0.7 as 


curbs, each 9 in. high, were con- aa to magnesium carbonate 
structed. These curbings were used (0.95). 
Fig. 4 Transmittance of skylight, clear dome 

CLEAR DOME, NO CURB, T4*-79 
; CLR.DOME, S"CURB,A, Ty".66 

CLR. DOME, 16"CURB,Z, Tg=.54 
20.8 = T 
+ CLR.DOME & DIFFUSER, 
/ CLR. DOME , S°CURB,DFR. A, T4*.37 
CLR. DOME, Tq =.27 
. 
\ 
x 

a 
— 
20 40 60 80 


ANGLE OF INCIDENCE , © 


The solar transmittances of 
skylights of various combinations 
of , curb and the light- 
diffuser were’ computed from the 


known solar ies of the com- 

ts ( nt i 
transfer-function method given in 
reference 4 as described in the ap- 
pendix. At the same time, tests 
were conducted with the solar 
calorimeter to substantiate the cal- 
culated transmittances, and to 
evaluate the factors effecting the 
convection and radiation exchange 
between the skylight and the calo- 
rimeter. 

The solar transmittance for 
direct normal solar intensities, for 
a clear dome with and without the 
light diffuser, and for curbing 
heights of zero, 9, and 18 in., are 
ven in Fig. 4. The points in the 

gure were obtained from the tests 
with the solar calorimeter. The 
curves shown are theoretical values 
which have been adjusted to fit 
the data better. 

It was observed that some of 
the solar radiation passing through 
the edges of the clear dome caused 
high intensity bands of light to fall 
in the curbing. In order to adjust 
the theoretical calculations for this 
effect, some of the transmitted 
energy was assumed to be diffuse. 
The amount chosen was 25% of 
the total transmittance, which im- 
proved the correlation between ob- 
served and calculated as given in 
Fig. 4. 

The amount of solar energy 
passing through the transparent 
dome and into the interior of the 
calorimeter without first falling 


square in shape. The solar trans- 
mittances of the skylights given in 
the figure are for zero solar azimuth 
(sun in plane perpendicular to 
side). For the solar azimuths of 45 
deg (diagonal), the transmittances 
are lower for angles of incidence 
other than 90 and zero deg. For a 
45-deg incidence angle, and 18-in. 
curbing, the reduction is about 
10%, and for 9-in. curbing, some- 
what less. 

The transmittances for diffuse 
or sky radiation also are given. 
These were ted from the 
curves of Fig. 4 for a uniform sky 
radiation, however, the actual sky 
radiation distribution is non-uni- 
form and varying. Pyrheliometer 
and calorimeter tests indicate that 
the transmittance for diffuse radia- 
tion should be about 10% lower 
than those reported in Fig. 4 with 
the exception of the sage dome 
alone. Had the lower diffuse trans- 
been used, the ex- 

imental points in general would 
be slightly higher. P 

The theoretical transmittance 
curves of the skylights in which 
diffusing-type domes were used 
are shown in Fig. 5. The test points 
for the medium transmittance dome 
and 18-in. curbing, and data of 
Fig. 3 without curbs, were assumed 
to ify the theoretical method 
(A B). The skylights with 
curbing give transmittances which 
are directly ional to the 
transmittance of the dome used 
alone. This is the result of assum- 
ing the domes transmit diffusely 
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upon the curb depends also, of as 
course, upon the solar azimuth, % 
because the curb in these tests was Fe 

a 

z 

| 

| 


and that the curbing is also a dif- 
fuse reflector. 


CONVECTION RADIATION 
GAIN 
The convection and radiation heat 
exchange coefficients between the 
solar calorimeter and the skylight 
were determined by measurement 
without solar radiation entering 
the calorimeter. This was 


testing during the day with a b 
dome, which was ue to solar 
radiation, or with other trans- 


Fig 


parent or translucent domes at 


night. 
The convection heat exchange 
tion exchange 


and calorimeter 
from the total calorimeter heat 
flow. A ical emissi 
of 0.83 was for these calcula- 
tions, which corresponds to a nor- 
mal emissivity of about 0.875. Ref- 
erence 6 gives the normal emissiv- 
ity for plexiglas as 0.89. The con- 
vection heat transfer downward 


. 5 Transmittance of 


skylights, translucent domes 


° 
a 
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_7 MED. DOME, NO CURB, @, Ty = .46 
MED.DOME, 9" CURB, 
MED. DOME, CURB, @,Tq = .30 

LOW TRANS. DOME,NO CURB, O, T,=.25 
LOW TRANS. DOME, 9" CURB, 
LOW TRANS. DOME, i8"CURB, 


TRANSLUCENT DOME 


CURB 


Tq* .38 


Ty". 
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from the dome surface to the calo- 
rimeter was quite small, and under 
the test conditions for a horizontal 
skylight, the combined radiation- 
convection coefficient was about 
unity. 

With the convection heat flow 
ards from calorimeter-to-dome, 
convection coefficient was of 

the order of 0.7 to 0.9 Btu/hr/sq 

ft/F, which gives a combined coef- 
ficient of about 1.4-1.9 Btu/hr/sq 
ft/F. 

The heat exchange between 
the skylight dome and the outdoor, 
takes place by convection exchange 
with the outside air and low tem- 
perature radiation exchange with 
the sky and the surroundings which 
are seen by the dome. The radiant 
energy emission from cloudless 
skies can be estimated from the 
information given in reference 3 
and was measured during many of 
the tests by a low temperature 
radiometer which is described in 
the same reference. A number of 
attempts were made to determine 
the convection heat exchange be- 
tween the dome and outdoor air, 
by measuring the total’ loss from 
the dome at night by means of the 
calorimeter, and the radiant energy 
loss to the sky. The results were 
inconclusive. 

Knowledge of the solar ene 
absorbed by the domes must 
had in order that the portion of 
this energy which enters the room 
via convection and radiation can 
be determined. This absorptance 
was determined from the relation- 
ship of transmittance + reflectance 
+ absorptance equals unity, since 
the first two po properties were 


already determined and transmit- 
tance verified by experimentation. 

The portion of the solar energy 
absorbed by a single-dome sky- 
light (no curbings) which enters 
the space B is 


I 


C+R=U (1) 


and the heat entering due to a tem- 
perature difference between indoor 
and outdoor air is 

C+R=U (t— ts) (2) 
These equations can be combined 
if the appropriate U-value is used. 
The U-value does vary somewhat 
with the combined magnitudes ob- 
tained from equations 1 and 2. 


I 
(3) 


In a similar manner the con- 
vection and radiation gain by the 
room from the skylight was related 
to the solar energy a 
the dome, curbing, and diffuser, 
where used, with the simplifying 
assumption that no heat flows 
through the curbing, and that ther- 
mal storage effects could be neg- 
lected. 

This method of solution is 
iven in Appendixes D and E. For 
esign heat gain calculations, the 

over-all outside coefficient of heat 
transfer was taken as 4 Btu/hr/sq 
ft/F. With this coefficient the cal- 
culated convection-radiation gai 

to the room was comparable with 
the test data. A high degree of ac- 
curacy cannot be ex in these 
data use the heat flow through 
the curbing was neglected in ale 


h. 
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that the results would not be too 

complex for practical application. 
DESIGN FACTORS 

The solar ener transmitted 


the skylight, and a i 
the room depend the solar 
radiation. To sim the heat 
calculations solar heat 
Kp and K, were developed 
in earlier papers. For calculating 


radiation. remaining part of 
the convection-radiation gain is 


. 6 Design factors for estimating solar 


lights (See Eq. 3 


Kon, SOLAR HEAT GAIN FACTOR FOR DIRECT NORMAL SOLAR RADIATION 
@ 


Kg* .47, U*0.43 
CLEAR DOME,DFR. 
Kq* .36, U=0.40 
20 40 60 60 90 


ANGLE OF INCIDENCE, © 


To 50 


30 


SOLAR ALTITUDE ,@ ,HORIZONTAL SKYLIGHT 


the heat gains through plastic sky- 
by Kon which must be mul- 
tiplied by the normal intensity of 
the direct solar radiation rather 
| than the incident direct radiation 
to determine the direct component 
of solar heat gain. The diffuse com- 
| ponent may be determined by mul- 
~ K, by the incident diffuse 
SUN 
e DOME 
ob SOLAR REFL.0.7 
| LIGHT DIFFUSER 
Kg *-82, U=0.8 
CLEAR DOME, 9” CURB 
SANA 
CLEAR DOME, OFR.~ 
Kg=.50,U=046 ™ 
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to the indoor-outdoor 
temperature difference; conse- 
quently, the total gain can be 


given as: 


<a 
Kow for Kele+U (t.—ts) (4) 


These K factors and U-values sug- 
gested for estimating solar heat 
gains are given in Figs. 6 and 7. 


Use of Design Factors — The K 


values are intended to give the air- 
conditioning engi a means of 
estimating the solar heat gains 
through plastics skylights for 
almost any location. S one 
wishes to know the ‘nr heat ain 
through a horizontal skylight hav- 
ing a clear dome and light diffuser 
with a ratio of width to height of 
about 5. The performance curve 
of this skylight is given in Fig. 6 
(second curve from bottom). For 


Fig. 7 Design factors for estimating solar 
heat gains through translucent-dome horizon- 
tal skylights 
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11 a.m., Aug. 1, 40 North Lati- 
tude, the 1960 GUIDE, Chapter 13, 
Table 6, gives the solar altitude as 
64.5 deg. The direct normal radia- 
tion is about 286 Btu/hr/sq ft and 
the diffuse radiation falling on a 
horizontal surface is about 34.5. 
These values are from Table 4, 

13, of the GUIDE. From 
Fig. 6 of this paper, the Kpy value 
from the curve is 0.475, K, is 0.47 
and U is 0.43. Let t — t; = zero. 
From equation 4 


Solar gain = 
0.475 X 286 + 0.47 X 34.5 + 48(0) 
= 136 + 16.2=— 152.2 
Btu/hr/sq ft of opening 


The solar heat gains computed by 
this method are given in Table II 
for three latitudes and design con- 
ditions for August 1, as given in 
the GUIDE. 

Total is obtained by 
adding the product of indoor-out- 
door temperature difference and 
the U-value to the Table II solar 
ane In our example the total 

t gain for an oor air tem- 
perature of 87 F and indoor at 80 
F is 


Total gain = 152.2 + 0.43 
(87 — 80) = 155.2 Btu/hr/sq ft 


The solar heat gains reported 
in Table II are based on a solar 
reflectance of 0.7 for the curb. 
Theoretical calculations show that 
for a curb having a reflectance of 
0.4 the transmittance of the sky- 
light is reduced, but more solar 
energy is absorbed by the curb 
and, consequently, the convection- 
radiation component of the heat 
gain is increased. These two fac- 


tors counteract each other, and for 
the range of curb reflectance 0.4 
to 0.7, the total solar heat gains are 
essentially unchanged. The excep- 
tion to is for a skylight con- 
sisting of a clear dome and curb 
which deviated more than 10% for 
incidence angles greater than 60 


deg. 


DISCUSSION 

The method used for calculating 
the solar transmittance and reflect- 
ance of the domes does not include 
the energy which is lost through 
the edges and flanges of the dome, 
nor does it take into account the 
variation in the thickness of the 
plastics. However, the calculated 
solar transmittances are considered 
to be confirmed adequately by the 
experimental data, and bly 
represent the maximum transmitted 
energy, since but little radiation is 
reflected out from the black inte- 
rior of the calorimeter. The solar, 
reflectance of one of the translucent 
white domes was measured under 
natural sunlight surveying the 
solar be ion the 
dome with a pyrheliometer having 
a restricted view. This process was 
so time-consuming that the sky 
conditions varied considerably dur- 
ing the test; and, consequently, 

ly approximate reflectance values 
were obtained. 

The of skylights is, of 
would the light transmit- 
tances and solar transmittances of 
the domes to be quite similar. Ref- 
erence 10 gives bm light transmit- 
tance of three domes, two of which 
were made from material of the 


I 
| 
i 
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lar in shape but are about 10 to 15 
percentage ts lower in magni- 
tude. be ta 
erence is that the light transmit- 
tance for the low transmittance 
dome is shown to be nearly diffuse 
but that the medium transmittance 
dome retains a little of its direc- 
tional qualities. 

The combined outside coeff- 
cient used for the design factors 
seéms to fit the imental data 

well. Variations of the 
outdoor coefficient have but a 
small effect u the total heat 
gain for the with curbing — 
and diffuser, and a somewhat larger 
effect upon heat gains for the dome 
alone. It has no effect upon the 
transmitted portion _ only the 
convection-radiation For the 
clear dome alone, a 
door coefficient from 4 to 1 Btu/ 
hr/sq ft/F will increase the Kpy 
value about 4% at normal inci- 
dence. For the low transmittance 
dome equivalent percentage is 15. 

The over-all outdoor coeffi- 
cient is composed of a convection 
exchange between the dome and 
the outdoor air and a radiation ex- 
change between the dome and the 
sky or adjacent buildings.* With 
the dome at outdoor air tempera- 
ture there would be no convection 

change with the outdoor air but 
radiation, es y under clear 
sky conditions.* Thus a fixed com- 
bined outdoor coefficient only ap- 
proximates the actual outdoor heat 


exchanges. In Fig. 13 of reference 
1, the observed convection-radia- 
oe iven for flat glass sky- 
lights. This fj gure shows ee with 
no solar radiation falling on the 
flat-glass skylight, it would lose 
heat at the rate of 8 Btu/hr/sq ft 
for zero indoor-outdoor tempera- 
ture difference. Therefore, assum- 
ing this figure to be correct, the 
maximum error in heat gain would 
be less than 8 Btu/hr/sq ft for the 
flat glass skylight given in Table 
II ich is based on an outside 
coefficient of 4. Outside coefficients 
for flat roofs were reported™ to 
vary from 1.14 to 3.82 Btu/hr/sq 
ft/F and an average value of 3.0 
was used. 

= U-values which are given 

are estimated values 
— inst observed data 
which were adjusted for an over- 
all outside ient of 4.0. Esti- 
mates were made assuming no heat 
flow through the curbing which, in 
effect, was quite low for the well 
insulated curbing used. 

Solar heat gains for skyli 
other than those tested ocastbiy 
can be estimated from the theory. 
For a given dome transmittance, 
it is conceivable that all solar ra- 
diation not transmitted is either 
entirely reflected or entirely ab- 
sorbed. The transmittance of a 
skylight is shown by calculation 
for a given flat sheet transmittance 
to be slightly higher for zero ab- 

nce (maximum reflectance) 
than for zero reflectance (maximum 
absorption). The convection-radi- 
ation gain results from solar energy 
being absorbed by the dome and 
curbing, and reradiated or con- 


same specifications as the low and 
medium transmittance domes re- 
| ported here. By comparison the 
solar transmittance curves are simi- 
t 


vected to the space. For a sin 
dome skylight without curb fis 
amounts to 10 to 20% of the 
absorbed by the dome. The gain 
due to absorbed solar radiation 
never exceeded 12% of the solar 
radiation intensity for any of the 
skylights tested. 

The probably maximum and 
minimum K-factors for clear and 
diffusing domes without curb or 
light are shown in Fig. 8. 
For a given transmittance the total 
solar t gain is hi for a 
material 
ance, and lowest for a material 
having no solar absorptance. The 
with curbing and with 
the diffuser follow the same trends 

centage-wise. For diffusin 

omes can be 
rectly from Fig. 7. It should be 
pointed out that all of the data in 


Fig. 8 Effect of solar trans- 
mittance, and limiting values 
on solar heat gain factors, 
zero incidence angle 


NORMAL TRANSMITTANCE OF FLAT SHEET 
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this paper apply to a skylight hav- 
ing a square base. foe spe- 
cific geometry the transmitted 
‘component of gain will be the 
same per unit area regardless of 
size. convection-radiation com- 
nent will vary slightly with size 
ut for practical purposes this 
change can be neglected. : 


CONCLUSION 


The solar heat gains through a 


number of plastics dome skylights, 


which are typical of the types in 
any location and time of the year 
by uso of tee. 
are given in the and knowl- 
edge of the solar altitude and in- 
tensity. Solar heat gains are tabu- 
lated for three latitudes for at 
commonly accepted design day, 
— “i Total heat gains for the 
skylight are determined by com- 
bining the solar heat gains with the 
UAT gains. 

The solar heat gain factors are 
intended to serve as a guide for 
air-conditioning engineers to better 
evaluate the instantaneous loads. 
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NOMENCLATURE 


A Solar absorptance of an element 
when in combination with other ele- 
ments of skylight, dimensionless 

C, Projection of the area of the base 
of dome . a given incidence angle 
(See Fig. B-1), area 

area of dome excluding 
C, Area of dome in defilade from di- 
rect sunlight 

C+ R Convection and radiation gain 
by room Btu/hr/sq ft 

F Sha b means the por- 
tion o leaving a which is in- 
by 4 dimensionless 

F's, crv Portion of direct sunlight 

ing through the dome which fa 

the curb, dimensionless 

h Thermal conductance, Btu/hr/sq ft/F 
H Height of curb 

I apeenaitg of solar radiation, Btu/hr/ 
sq 


K Solar heat transfer factor, dimen- 
ess 
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function: giving the total 


ave emittance of surface b result- 
ing from initial (before interrefiec- 
tion) average emittance of surface a, 
dimensionless 

R Reflectance for solar radiation in- 
cluding interreflections for itself, di- 
mensionless 

R’ Reflectance for solar radiation ex- 
cluding interreflection 

T Transmittance for solar radiation 
including interrefiections from itself, 
dimensionless 

T’ Transmittance for solar radiation 
interreflections, dimension- 


t Temperature (F) 

S Cross sectional area of curbing or 

opening area of dome or diffuser, 

(sq ft) 

U Over-all coefficient of heat transfer 

Btu/hr/sq ft/F 

mei. ¥ Convection resistance, (F) (hr) (sq 
) per Btu 

z Radiation resistance, (F) (hr) (sq 

ft) per Btu 

Z Thermal resistance, (F) (hr) (sq 

ft) per Btu 


6 Angle of incidence, degrees 
¢ Solar altitude, degrees 
a Solar absorptance, dimensionless 


Subscripts 


Light diffuser 

Dome skylight 

Curbing 

Convection 

Direct solar radiation 
Diffuse or sky radiation 
Inside 

Normal to sun’s rays 
Outside 

Radiation 

Sun 

Section 1 of Dome see C; 
Section 2 of Dome see C; 
Section 3 of Dome see C; 
Section 1 and 2 of Dome 


z 


Energy Emission of Atmosphere and Ground, 
by G, V. Parmelee and W. W. Aubele (ASHVE 
Vol. 58. 1952 89) 
urement of Angular Emissivity, by A. Umur, 
G. V. Parmelee and L. F. Schutrum (ASHVE 
Transactions, Vol. 61, 1955, p. 118) 
6. The Two Radiometer Method for the Simu!- 
taneous Determination of Emissivity and Sur- 
Project, 
DFR 
DM 
j CRB 
D 
4 
1 
N 
° 
3 
q 1 
2 
2 
\ 
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APPENDIX A 
SOLAR PROPERTIES OF 
FLAT PLASTICS SHEETS 


Solar Properties of flat sheets as justment, for the computations given 
determined ot ee meen measure- in the paper, are shown in Table A-1. 
ment and wu with some slight ad- 


Table A-| Solar Properties of Flat Acrylic Plastics Sheets 
(Normal Intensity of Direct Solar Radiation) 


Incidence Angle,® 0 30 60 75 
Estimated 
Clear 3/16 in. Transmittance 0.86 0.74 0.39 0.14 
Reflectance 0.04 0.04 0.05 0.06 
Med Trans 3/iéin. Trans 0.52 0.45 0.23 0.08 
Ref. 0.36 O31 O21 0.14 
Low Trans 3/16 in. Trans 0.27 0.23 0.12 0.04 
Refi. 0.57 049 0.31 0.19 


Values were selected from curves plotted from experiment points. For 
we the transmittances were computed for incidence angles 
60 a x 


APPENDIX B 
TRANSMITTANCE OF DOMES 


Clear Dome The computed transmit- 
tance of the clear dome was based on 
the sunlight passing directly into the 
room through section 1 of Fig. B1 and 
the energy entering through section 2 
which was diffusely reflected from 3. 
The reflections from 3 and in turn 
from sections 1 and 2 of the dome 
were treated as infinite in number. 
The transmittance based on incident 


Each of these factors varies with 
the angle of incidence of the sun. The 
transmittances and reflectances used 
in Eq. B-2 are the area-weighted aver- 
ages, which were obtained by sum- 
ming the products of zonal areas and 
the average transmittances or reflec- 


solar radiation is: FIG. B—| 
Tow = ‘ 
(Directly Transmitted Radiation) & (Radiation Reflected to the Inside) 
Incident Radiation 

(B-1) 

C, Fs,0 Revs F'ss1,0 
Tow = (B-2) 

C.+ C2 C:+ C2 1 — Rs Ress 


tances of the zone over the section 
considered, and dividing it by the 
area of the section. The surface of 
the hemisphere the segment were 
divided into zonal areas correspond- 
ing to increments of incidence angles 
of 15 deg.. The transmittances and 


- 
Ce 
OOME 
é 
1 
4 
* 
ts 
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reflectances co i ig to the 
average incidence angle of each zone 
were selected from the data of the 
flat plastics sheets given in Appendix 
A. These area-weighted solar prop- 
erties and the transmittance o 


dome as given Eq. B-2 were cal- 
culated from zero 
to 90 deg. ‘ 
Since area C, + Cs is not readily 
known, the transmittance for solar 
radiation normal os. 
r unit area of the openi 
is more easily 
= 


Diffuse Transmitting Domes — The 
dome was assumed to transmit per- 
fectly diffusely and all reflections 
also were taken as diffuse. 


Tww = Tis Fi.2.0 + Tis 
[- (Fs,0 ote Ruse Fis2,0) 


1 F,2,3 Ris 
(B-4) 


where the first term represents the 
radiation directly transmitted into the 
opening and the second term the re- 
flected component. 


Clear Dome & Curbing—The direct 
sunlight passing thro the clear 
dome will fall on the curbing or enter 
the room. The response-excitation 
transfer functions were used for these 
calculations and, for this method of 
approach, the portion of the solar radi- 
ation mf falling on the curbing 
and reflec 

as a source of energy which 


from the curbing was 


is diffuse in nature. The equation ex- 
pressing this relationship for direct 
normal solar radiation is: 


Two, = Tasos (1 — Fs, cen) 


Lroom @room Spat 
+ Tyron — — 


CRB Rreem Scrs 
(B-5) 


The first term in the equation is the 
ene directly transmitted through 
the dome into the room. The second 
term is the energy reflected from the 
curbing which eventually is absorbed 
by the room after multiple reflections. 

e transfer functions are based on 
perfectly diffuse reflections and a 
plane uniform source of energy. These 
assumptions only approximate the ex- 

rimental conditions. The transfer 

unction L,oom is the portion of solar 


URB 
radiation > gg reflected from the 
curbing which is rereflected from the 
room to the skylight. In order that 
the value of the transfer function be 
finite, a room reflectance of 0.03 was 


Diffuse Dome and Curbing—This 
dome is assumed to transmit only dif- 
fusely and thus the transmitted en- 
ergy is related to the opening or room 
response from dome excitation. 


Tw. crn 


@, 
Lroom x (B-6) 
DM 


Clear-Dome, Curbing, and Light Dif- 
fuser—This treatment was similar to 
that of the clear dome and curbing 
with additional terms for the diffuser. 


Twrm» Torna 


Spm 
[tars Rens 
on Scas 


Taw N 


(Lorz — 1) (1— Fs, cen) Rena (B-7) 


¥ 
© 
——————__ (B-3) 
+ C2) vase 
used. 
Cos (DFR)4 


For clear domes the reflectance of the 
clear dome was in a reflectance 
from portions 1 and 2, Fig. B-1, and 
a transmittance through area 3 to the 
outside of radiation coming in through 
2, plus diffuse reflections which pass 
out thro the dome. 
The reflectance was taken as 
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APPENDIX C 
REFLECTANCE OF DOMES 


and for radiation measured normal to 
the sun’s rays 


(C: + Cs) 


Row = Row 
(Ci + Ce) vase 


(C-2) 


For diffuse domes the reflectance both 


inside and outside of the dome as well 
Roan = R'1.2-+——— Ts [ T's as the transmittance was assumed 
C:+ Cs perfectly diffuse. 
Row = R'us 
Rs (1 — Fao) (Ren T's + 
] Tass Fiss.s (Re Tusa + Ts) 
1— Rs (1 — Fo) Ress Fou.s 
1 — Fuss Rs Ruse 
(C-1) (C-3} 
APPENDIX D 
ABSORPTANCE OF DOMES 
For dome only the absorptance for fective absorptance is merely the 


solar radiation was obtained by sub- 
the computed transmittance 
and ectance from unity. 


= 1 — Tom — Row 

(D-1) 
Clear dome & curbing The response 
due to excitation from the curbing 
(direct beam reflected from the curb- 
ing) was divided by its own reflectance 
which results in the total solar radia- 
tion falling on that surface. The ef- 


Dome absorptance 


product of all energy falling on the 
surface and the absorptance of that 
surface. The following absorptances 
are the percentages actually absorbed 
of the direct normal incident solar 
radiation. 


Diffuse dome & curbing. With the dif- 
fuse dome the only source of energy 
for the response excitation concept 
is the dome itself. 


= + F's,cnn Rens 


Curb absorptance 


(D-2) 
DM)d 
4 ( 1) Ron Sox 


Accrmx = Fs,crs 


: 

4 

ia 

4 

& 


Dome absorptance 
= @ mon + 


Tams» (Lou — 1) (D-4) 
pat 
Curb absorptance 
= 

Lorn 

Ricrsye DM 
(D-5) 


Clear Dome, Curb, and Light Diffuser. 
Two possible sources of energy exist 
with this combination. These are the 
reflections of the direct beam from the 
curb and from the light diffuser. 
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Curb Absorption 
Accasyx = 

CRB)d 

Sox 
Twws [ Fs crx Rex (Leas — 1) 
CRB 


+ (1— Fs,crs) X Rernya 
DFR 


(D-7) 


Diffuser Absorption 


= 


(1 — Fss,crs) + 


Dome absorption 
= 
+ (1 — Tw 
Rome 
Sou 
Tao» Fs, cus Rens (Lorr — 1) + Fs, 
DFR 
+ Fs. crn) tox. | Rens SDM (D-8) 
SCRB CRB 
(D-6) 
APPENDIX E 
CONVECTION-RADIATION GAIN 
Single dome—Here the convection and results compared with the experi- 


Seeein gains by the space were ana- 
lyzed according to Fig. E-1 and the 


FIG. 


mental data. The solar energy ab- 
sorbed by the dome was ob- 
tained from the conversion of equation 
D-1 to give the absorption for direct 
normal radiation. For t. = ti, the 
convection and radiation gain to the 


@ 


(E-1) 


inside is C&R ————_ 
Zo + Zi 


where the reciprocal of the thermal 
resistance is conduction 
@(pM)N Tow 
(E-2) 
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> OUTSIDE 
| 
| 
T, O INSIDE 
he 


The U-value will vary with tempera- 
ture difference and mean temperature 

consequently is somewhat de- 
ergy.. or gene application 
variation is neglected. 


Dome and curbing. The thermal in- 
terchange resistance for the case of 
a dome and curb are shown in Fig. 
E-2. Three resistances marked z rep- 
resent thermal radiation exchanges 
between the surfaces, and the three 
resistances y represent the convection 
ex between surface and air. 
The curbing was assumed to be adi- 
abatic for this analysis. The resist- 


Table E-! Radiation & Convection 


Coefficients 
Radiation Convection 
Coef. hr Coefficient h. 
uP DOWN 

Dome 0.7-1.0 0.72-0.90 0.15-0.17 
Curb 
ox 18" 0.7-1.0 0.60-0.85  0.60-0.85 
Diffuser 0.7-1.0 0.61-0.76 0.13-0.14 
Calorimeter 
or Room 0.7-1.0 0.45-0.48 0.17-0.18 


ances marked z were first converted 
to a delta circuit, then combined with 
the delta circuit of the radiation re- 
sistances and the combination 

to the wye circuit shown in Fig. 
From this relation the connection 
radiation gain to the inside is: 


1 
C&R 
Zo + Ze + Zo 
[Zo 


(Zo + Ze) Accems Inx + to — ti] 
(E-4) 


and 


Tox 
+ 


Zo Zc) Acces Ipx te — ti 
(Zo + Ze) Arce») + 15) 


t diffuser. 


Dome, curbing, and 
is combina- 


The thermal circuit for 
tion is similar to that shown in 4 
E-2 with the junction labeled “inside 

becoming instead the diffuser. Also 
a thermal resistance must be added 
connecting the diffuser with the inside. 


1 


CcC&R= [ 
Zo 4- Ze + Zz + Zi 

[Zo 

(Zo + Ze) Tox + 

(Zo + Ze + Zs) 

Avorryx Ion + — ti] 


(E-6) 


The range of convection and radia- 
tion coefficients shown in Table E-1 
were selected for evaluation of the 
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The convection coefficients for the The inside resistance was 
dome and light diffuser were obtained unity for the heat flow down. 
from experiments and are values cor- the diffuser was utilized, the con- 
ere to tem differen- ection coefficients for heat flow up- 
ials of 10 and 30 F. The convection 
coefficient for the curbing was deter- and curb, the heat flow down values 
mined from reference 10 of the paper. were used. In all cases the outside 
For the calorimeter the convection resistance Zo was taken as 0.25 which 
was determined from computation and corresponds with an overall heat 
experimental data from flat glass eens coefficient of 4 Btu/hr/sq ft/ 


O. L. Prenson, Philadelphia, Pa. (Written): A on the assumption of 
related investigation carried out in our Lab- 


heat gain of 178 Btu/hr/ft® for the medium le 
transmittance dome and 105 for the low the 4% reflectance from 
transmittance dome. Comparable values from it would seem 
Table II at noon and 30 deg N latitude are instead of 4 
159 and 93, making the domes some 10% expected for 
more efficient than in 1957. The difference is AvuTHon ScHUTRUM: 
largely explained by the new data on Plexiglas radiation as reported in Table A-I 
contained in Table A-1 of the present work. ured values 


somewhat higher 
Table A-1. Our use of the low temperature accuracy 
heat sink also made accurate determinations of with Dar. Da 


thickness. Forming of the domes thins the plastics. There 


sheets in ts dep t upon the height this transmission if the plastics 
of the dome. Application of the data presented since there 
in this paper must be done with these factors measure this 
in mind and the engineer must be certain the At the Univ 
skylights used are of the types and materials same kind of 
tested. measure this transmittance and it is 

The new data on the effects of skylight by the size of 
wells and of the addition of ceiling diffuser transmitter is 
panels below the domes is a welcome addition it also depends on the 
to our engineering knowledge. Ceiling dif- meter from the sheet. By 
fusers are frequently used but their effects different distance 
on solar heat loads have not been measured for greater distances could be obtained 
previously. 

O. L. Prenson: 

E. P. Parmatzen, Syracuse, N. Y.: In the meter was done by using 
actual application of this type of skylight, es- about 4 ft square and located 
pecially where you have cast a concrete curb the pyrheliom 
tied into a concrete roof slab, some of the full 180 deg 
incident energy coming through the dome to integrate the total transmittance of that flat 
might not run off into the roof slab. Has sheet. If the pyrheliometer was set any distance 
this been considered? If anything, wouldn’t away from 
it probably reduce the effectiveness of any plastics sheet, 
heat gaim? on the readings. 
C. M. Humrpnneys: It is pointed out in the B. Y. H. Lrv: 
paper that the values in Table II are based making the reflectance from the sheet 


DISCUSSION 
no heat transfer through 
is cautioned that 
: oratories used five calorimeters, with black- where the curb is poorly insulated, a cor- 
ened, melting ice as the heat sink. One cal- rection may be necessary. The amount of 
orimeter integrated the incident solar energy this correction will depend upon the type 
‘ while the others collected the heat transmitted and size of curbing used, and the insulation 
by plastics domes. These results showed, on applied. 
the basis of Table II of the current work, a 
explain 
rent sheet; 
per surface 
would be 
les for solar 
are meas- 
ans of an 
r contro calorimeter was covered wit Eppley pyrheliometer with natural sunlight. 
3/16 in. flat sheet to which we assigned a "he erro mcountered with extremely low 
such that no high degree of 
: be expected. The authors agree 
i that 8% reflectance for a 
; reradiated and conv components 0: transparent sheet would be more realistic. 
greater importance. 
lt Acrylic plastics sheets are made in a B. Y. H. Li, Minneapolis, Minn.: This 
range of thicknesses with a variety of trans- question relates to the method used in meas- 
lucent whites and colors available in each uring _ sols adiation transmitted through 
is eidele men ate 
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oO. L. Pe of different 
light range. tly look- 
used when you are working in the infrared ing for a way of simulating solar loads for 
range because of the difficulties of measuring. rating purposes on surfaces which means that 
unless we go into extremely high temperature : 
filaments we would be dealing almost entirely 
C. W. Pumps, Washington, D. C.: This with infrared in using dark radiating surfaces. 
paper points up the need for more information We are uncertain as to reasonable or depend- . 
concerning the measurement of energy broken able amounts in our methods for interpreting 
down into various wave lengths because it is the actual energy transmitted which a surface Fh 
what this begins to border on. As different will see when you cut out the visible light : 
he 
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Air Infiltration through Revolving Doors 


L. F. SCHUTRUM 
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Air infiltration through doors may 
cause discomfort in areas near the 
doors, and thus it is desirable to 
know the rate of infiltration for 
— sizing of the heating and 
cooling equipment. A recent re- 
search (1) supplied comprehensive 
information on air infiltration 
through swinging doors; but, only 
limited data (2) are available on air 
infiltration rates through revolving 
doors. The of the present 
investigation is to provide addi- 
tional information on this subject. 
The research has been carried out 
at the ASHRAE Research Labora- 
tory under the guidance of the 
former Research Advisory Commit- 
tee on Air-Condition- 
ing Loads. riments were 


both ting and cool- 
L. F. Schutrum is Research , C. M. 


ASH Research 
with the Oak Ridge National 
ual Meeting in Denver, 


N. OZISIK 


Cc. M. HUMPHREYS 
Member ASHRAE 


ing conditions. With the motor- 
driven revolving door, the door 
speed and temperature and 

sure differences between indoors 
and outdoors were recognized as 
significant factors influencing the 
air-infiltration rate. With manually 
operated doors, however, additional 
information regarding a represen- 
tative traffic pattern and the corre- 
sponding average door rpm was 
needed. The amount of air turbu- 
lence inside and outside, and the 
condition of the door seals would 
influence infiltration to a certain 
extent. The research was planned 
to determine the influence of all 
these variables on air infiltration. 


TEST SETUP 


A plan view of the test setu 

shown in Fig. 1. A revolving door, 
6 ft-4 in. diam and 6 ft-10 in. 
high was installed just inside a dou- 
ble door entrance to the Labora- 
tory. When the swinging doors 
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were opened a typical revolving 
door entrance was available for 
testing. The door was motor driven, 
and its speed could be adjusted by 
means of a variable- pulley. 
The door could also be operated 
manually. 

A plywood partition was 
erected across the entrance back 
of the door, and all cracks in the 
test room were caulked to make 
the enclosure as nearly air tight as 
possible. 


volving door, it exhausted the in- 
filtration air which, in a normal 
installation, would diffuse to other 

of the building, and a nozzle 
at the duct entrance provided a 
means of measuring the quantity 
of the exhausted air. 


also served several . The 
air drawn from the test room 
discharged through a heating coil, 
thus providing a means con- 
trolling the temperature in the test 
room during the heating season. 
The tracer gas was injected into 
this system between the fan dis- 
the heating coil. The 
fan dled sufficient air, and the 
supply and return ducts were so 
located, that the tracer gas was 
well distributed and the air tem- 

ature in the space was reason- 
uniform. 

A cooling system also was pro- 
vided to permit a reduction of the 
air temperature in the test room 
during the summer tests. This sys- 
tem recirculated air within the 


ce. 
After all equipment was in- 
stalled and all cracks had been 
caulked, the revolving door open- 


The recirculating system R_ ing was sealed and tests were made 
N-NOZZLE 
TEST_ROOM_ 
TER 
INSTRUMENT 
Room TINJECTION. AK 
R-RECIRCULATING {SYSTEM ‘ 
Tt 
PARTITION 
MEASUREMENT PANEL 


| 


C - COOLING 
UNIT 
CEILING HEIGHT 9 FT. 
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Air infiltration through doors may 
cause discomfort in areas near the 
doors, and thus it is desirable to 
know the rate of infiltration for 
a sizing of the heating and 

ing equipment. A recent re- 
search (1) supplied comprehensive 
information on air infiltration 
through swinging doors; but, only 
limited data (2) are available on air 
infiltration rates through revolving 
doors. The purpose of the present 
investigation is to provide addi- 
tional information on this subject. 
The research has been carried out 
at the ASHRAE Research Labora- 
tory under the guidance of the 
former Research Advisory Commit- 
tee on Air-Condition- 
ing Loads. riments were 


sande ting and cool- 


with the Oak Ridge National Labora 
was prepared for presentation at the 
68th Annual Meeting in Denver, 
Colo., June 26-28, 1961. 


N. OZISIK 


C. M. HUMPHREYS 


Member ASHRAE 


ing conditions. With the motor- 
driven revolving door, the = 
speed and temperature and 

sure differences between indoors 
and outdoors were recognized as 
significant factors influencing the 
air-infiltration rate. With manually 
operated doors, however, additional 
information regarding a represen- 
tative traffic pattern and the corre- 
sponding average door rpm was 
needed. The amount of air turbu- 
lence inside and outside, and the 
condition of the door seals would 
influence infiltration to a certain 
extent. The research was planned 
to determine the influence of all 
these variables on air infiltration. 


TEST SETUP 


A plan view of the test setu 

shown in Fig. 1. A revolving door, 
6 ft-4 in. and 6 ft-10 in. 
high was installed just inside a dou- 
ble door entrance to the Labora- 
tory. When the swinging doors 
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were opened a typical revolving 
door entrance was available for 
testing. The door was motor driven, 
and its speed could be adjusted by 
means of a variable-pitch pulley. 
The door could also be operated 


ually. 

A plywood partition was 
erected across the entrance back 
of the door, and all cracks in the 
test room were caulked to make 
the enclosure as nearly air tight as 
possible. 

The exhaust system 


volving door, it exhausted the in- 
filtration air which, in a normal 
installation, would diffuse to other 
of the building, and a nozzle 
at the duct entrance provided a 
means of measuring the quantity 
of the exhausted air. 
The recirculating system R 


also served several purposes. The 
air drawn from the test room was 
discharged through a heating coil, 
thus viding a means con- 
trolling the ae i in the test 
room during the heating season. 
The tracer gas was injected into 
this system between the fan dis- 
charge and the heating coil. The 
fan dled sufficient air, and the 
supply and return ducts were so 
located, that the tracer gas was 
well distributed and the air tem- 
perature in the space was reason- 
ably uniform. 

A cooling system also was pro- 
vided to permit a reduction of the 
air temperature in the test room 
durin summer tests. This sys- 
tem recirculated air within the 


space. 

After all equipment was in- 
stalled and all cracks had been 
caulked, the revoiving door open- 
ing was sealed and tests were made 
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A 
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TER 
INSTRUMENT 
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Fig. 1 Plan view of test 
room and instrument room 4 
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to determine the tightness of the 


test room at various pressure dif- 
ferentials. The uncontrolled leak- 
e rate at a pressure differential 
0.5 in. of water was approxi- 
mately 40 cfm. 


Methods of measuring infiltration 
air — Outside air entered the test 
room by infiltration through the 
revolving door, and an equivalent 
amount left the space either through 
the exhaust system E or back out 
through the revolving door. These 
two routes are shown diagram- 
matically in Fig. 1-A of Appendix 
A. The problem was to devise meas- 
urement methods by which both of 
these flows could be determined. It 
was decided that this could best be 
accomplished by measuring the 
total infiltration by the tracer gas 
technique, and measuring the flow 
through the exhaust duct by means 
of a nozzle. The flow back through 
the door could then be determined 
by difference. - 

In applying the tracer gas 
method of measurement, the tracer 
gas, hydrogen in this case, was 
injected into the recirculating sys- 
tem as previously mentioned, and 
was distributed uniformly through- 
the test room. The gas was sup- 
plied at a uniform rate which was 
accurately measured by two all- 
glass rotameters of different sizes 
which had been calibrated previ- 

The hydrogen concentration 
in the room air was measured with 
a katharometer having three sens- 
ing elements. This instrument 
operates by detecting changes in 
_the thermal conductivity of the 
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mixture due to the of the 
tracer es. The thermal conductiv- 
ity of hydrogen is approximately 
seven times that of air, and the in- 
strument is capable of detecting 
very small amounts of the tracer. 
The maximum concentration of 
hydrogen used in the tests was 
appreximately 1%, which is well 
below the lower limit of flamma- 


The scale of the katharometer 
was graduated to read in per cent 
of helium. It was therefore neces- 
sary to recalibrate the instrument 
for hydrogen. This was done by 
mixing known volumes of air and 
hydrogen in a large container, and 
recirculating the mixture through 
the sensing elements of the instru- 
ment. 

A preliminary survey indicated 
that the concentration of hydrogen 
was quite uniform throughout the 
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Fig. 2 Infiltration through 
new and worn*® door seals 
(door not revolving) 
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test room ex in an area within 
about 3 ft of the revolving door 
opening, where the mixing of the 
room air and infiltration air was 
taking place. In all later tests, the 
hydrogen concentration was meas- 
ured at the 72-in. level at point A 
in the test room and at point B in 
the exhaust duct. In tests with the 
exhaust fan rating, the concen- 
tration at ints was essen- 
tially the same (see Fig. 1). 

Rapid diffusion hydrogen 
into the air in the inside segment 
of the door would introduce errors 
in the results. However, estimates 
indicated that this diffusion rate 
was quite small. The method of 
calculating the infiltration rate 
from the tracer gas concentrations 
is explained in Appendix A. 


Fig. 3 Observed data and 
calculated curves of infiltra- 
tion through revolving door 
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Flow in the exhaust em 
was determined by a nozzle located 
at the duct inlet as shown in Fig. 1. 
The nozzle size was varied from 1 
to 7 in., depending upon the rate 
of flow to be : 


Other instrumentation—Differential 
pressures were measured with draft 
gauges. The outdoor pe, was 
obtained with a small static tube 
extending approximately 3 in. from 
the face of the wall. 

The air temperature at several 
locations and elevations in the test 
room was sensed by 
stantan thermocouples. These were 
connected into an indicating elec- 
tronic type potentiometer. 

A vane anemometer _lo- 
cated about 5 ft outside the door 
opening was used to measure the 
wind velocity. Air velocities in the 
test room were measured with a 
heated-thermocouple type ane- 
mometer about 3 ft away from the 
door. 


TEST PROCEDURE 

After all equipment was in opera- 
tion adjustments were 
made for door speed, room air 
temperature and ure, enough 
time was allowed for the room air 
temperature to reach steady condi- 
tions. This usually required from 
one to two hours. Hydrogen was 
then introduced into the room at a 
rate which usually would give a 
reading on the upper half of the 
katharometer scale, which for hy- 

en covered a range from 0 to 
0.7%. The actual test would be 
started, about 15 min later, after 
en concentration level 


the hydrog 
had become stable. 


i 
1400 
A 
of 
/ 
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400 
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During the 15-min test period, 
air temperatures and pressures, and 
rotameter and katharometer read- 
ings were taken at fixed intervals. 
The wind velocity and the door 
speed also were recorded. 

Tests were made under both 
heating and cooling conditions. In- 
door-outdoor air temperature dif- 
ferences up to 60F could be ob- 
tained in winter, while in summer 
the indoor temperature could be 


held as much as 30F below the 
outside aif. 
The test was planned 


to permit the evaluation of all of 
the im t variables, including 
door speed, indoor-outdoor tem- 
perature and pressure differentials, 
indoor air motion and outdoor wind. 


is of air infiltration through 
revolving doors — For the purpose 
of analysis, air infiltrating through 
a revolving door can be separated 
into two components: One, compo- 
nent A, is the infiltration through 
the cracks between the door hous- 
ing and door wings. The amount 
of this component depends upon 
the width and length of crack and 
the pressure difference between in- 
doors and outdoors. 
The other component, B, is the 
air infiltration related to door move- 
ment. When a ent of the re- 
volving door filled with cold out- 
door air is turned to the warm 
room side, circulation starts be- 
tween the room and the segment 
air due to the density difference. 
A similar air exchange takes place 
at the ite segment of the door 
with the outdoor air. The amount 
of this component of infiltration 
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depends upon indoor-outdoor tem- 
perature difference, door speed and 
door size. Furthermore, indoor air 
motion and outdoor wind were 


expected 
tion. An analysis of this problem 
and the derivation of an analytical 
equation for calculating air infiltra- 
tion related to the door movement 
is included within Appendix B. 
TEST RESULTS 
Infiltration Component A: Air leak- 
age door seals due to 
differential — Infiltration past door 


seals depends upon the closeness 
of fit and the pressure differential. 


Fig. 4 Effect of wind and 
indoor air movement on in- 
filtration for small 

ture differences and door 
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To investigate the magnitude of 
this infiltration, tests were made 
with two sets of new seals and one 
set of worn seals. The door was 
not revolving for these tests but 
was adjusted so that either two 
wings or four wings of the door 
were touching the door housing. 
Fig. 2 shows the magnitude of in- 
filtration for differentials 
up to 1 in. of water. These infiltra- 
tion rates were corrected for room 
air leakage. With both new and 
used seals there were no visible 
cracks. Where visible, crack size 
can be estimated and the infiltra- 
tion may be found from Fig. 10 of 
Reference 1. Data on pressure dif- 
ferentials for buildings can be 
found from the same reference. 


Infiltration B: Air ex- 
change related to door movement — 
Experiments were made with con- 
stant door speeds of 1, 2, 5 and 10 
rpm, for various indoor-outdoor air 
temperature differences. The effect 
of indoor-outdoor pressure differ- 
ence on the door movement com- 
ponent of infiltration was investi- 
gated in some of the tests by oper- 
ating the exhaust fan and creating 
a pressure difference up to 1 in. of 
water while the door revolved. The 
air infiltration rates, obtained under 
the above conditions, were ad- 
justed for infiltration past seals (two 
wing contact) and test room leak- 
age due to pressure difference, and 
the results were plotted in Fig. 3 
as a function of indoor-outdoor air 
temperature difference for a con- 
stant door speed of 10 rpm. 
These plotted values were 


found to be practically independ- 
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ent of the pressure differential. 
This is shown in Fig. 3 by the 
ity of the squares and cir- 
cles which are the symbols for 
tests with and without pressure 
difference. The upper curve of Fig. 
3 shows calculated infiltration rates 
ecting the inertia of the air, 
and assuming still air conditions 
both indoors and outdoors. In cal- 
culating the lower curve the effect 
of inertia was included. This curve 
follows the observed data but lies 
below the points. 


However, in the experiments, 
air motion indoors and wind out- 
doors were e ed to increase 
the infiltration. Moreover, summer 
data showed higher infiltration 
rates than the winter data. The 
only difference in the test 
was the cooling blower used in the 
summer tests which caused higher 
indoor air velocities. The blower 
was then used for heating tests 
(coil not cooled) and the effect of 
air velocity on infiltration was veri- 
fied. The experimental ts in 
Fig. 3, representing the with 
indoor air movement averaging 
about 90 fpm with the door station- 
ary (triangles for summer and dia- 
monds for winter data), are higher 
than those in which the average 
velocities were about 25 fpm 
(squares and circles). 

Wind velocities 5 ft outside 
the door were quite low, usually 
less than 2 mph, while at about 10 
ft from the door limited data show 
the velocity to be about twice as 
high. The data in Fig. 4, for quite 
small indoor-outdoor temperature 
differences, show the effect of wind 
velocity and indoor air movement 


j 

4 


on infiltration rates. The curves 
were calculated as described in 
Appendix B, based on the 

tion that the heads due to the aver- 
and wind velocities have the same 
effect on infiltration as equal heads 
due to ature differences. The 
trends, if not precisely the magni- 
tude, of the calculated rents are 

. 4 are in agreement, and thus 

ximately represent the effect of 

Figs. 5 and 6 show experi- 
and curves calcu- 
lated for various indoor air move- 
ment and outdoor wind velocities. 
The a ximate indoor air move- 
ment for the test points is indicated 
by the symbols; however, the wind 
velocities are not identified. 

The infiltration rates shown by 
the solid curves in Fig. 7 are for 


Fig. 5 Infiltration through 


revolving door at 10 = 
(air leakage through seals 
ducted) 
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FIELD TESTS 
Fig. 7 shows the infiltration which 
may be expected as a function of 
temperature difference and con- 
stant rpm of the door. Thus, it 
shows of a motor- 
operated revolving door. To obtain 
information on manually operated 
revolving doors, a series of 19 field 
tests was made on seven revolvin 
doors in Cleveland. Data 
by two observers included the 


Fig. 6 Infiltration through 
revolving door at 5 rpm (air 
leakage through seals de- 
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<a an indoor air movement of about 
35 fpm and a wind velocity of 2 
mph. The maximum wind 
normal to the entrances at the 
oe be about 2 mph when the wind 
velocities at the U.S. Weather Bu- 
. reau were 20 mph. The dashed 
3 curves represent the infiltration 
with extremely high wind velocities 
which might cause one hundred 
per cent air exchange in the out- 
side segment of the door. 
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elapsed stop watch time for a given 
number of door (50 or 
100), time duri i iod when 
the number of le passin 
Ths 
traffic rates varied from 160 to 
1770 people per hr. The two curves 
of regression in Fig. 8 show the 
relationship found the field 
tests between traffic rate, and aver- 
age rpm and operating time. 


Infiltration (Component B) through 
manually operated and motor- 
driven revolving doors — The infil- 
tration through manually operated 
doors for a given traffic rate was 
taken as the product of the oper- 
ating time from Fig. 8 and the in- 
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filtration from Fig. 7 determined 
for the average rpm given in Fig. 
8. To substantiate this meth 

three tests were conducted at the 
Laboratory with summer cooling 
conditions and with Laboratory 
personnel passing through the re- 
volving door, manually operated, 
at c rates ranging from 1075 
to 1975 e per hr. While this 


random c pattern was main- 
tained, the tracer was being 
used to measure infiltration. 


The observed infiltration, 400-450 
cfm, was lower by about 10% on 
the average than that predicted. 
The infiltration through man- 
ually ted revolving doors is 
shown in Fig. 9. The wind velocity 
was taken as 2 mph, but a few 
dashed curves for maximum wind 
velocity are to show the 
probable upper limit of infiltration. 
For motor-driven doors the in- 


revolving doors 
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| 
Fig. 7 Infiltration vs. rpm 
and indoor-outdoor air tem- ; 
perature difference (air leak- 
age past seals deducted) 
‘Fig. 8 Operating time and 
average rpm vs. traffic rate : 
for seven manually operated K 
RPM PEOPLE PER HOUR 
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filtration rates can be found from Second Example— 


Fig. 7. 


EFFECT OF PEOPLE 


In a series of tests the doors were 
motor ted with none, one, 
rend 
people walking around 
ye mr y without leaving the 
space. The infiltration under these 
conditions was found to be lower 
However, when a person steps into 
the door space, he displaces 
of the air in the space, and w 
he leaves the space on the opposite 
side of the door, an equal volume 
of air must replace him. This ef- 
fectively increases the infiltration, 
counteracting the decrease caused 
of the door 


Example of infiltration calculation— 
Given: A building has a pressure 
differential of 0.46 in. of water 
when the indoor air is main- 
tained at 75 F and the outdoor 

at zero F. Find: The infiltra- 
tion through a manual revolv- 
ing door when the traffic rate 


is 1000 people per hr. 
Solution: From Fig. 9 the infil- 
tration rate due to the temper- 
ature difference of 75 F is 750 
cfm. The infiltration through 
door seals due to the pressure 
differential of 0.46 in. of water 
is 250 cfm from Fig. 2 for two 
wings and worn seals. The 

infiltration is 750 + 250 
or 1000 cfm. 


Given: The same conditions as in 
the previous example except 

that the door is motor driven 
and operates at a constant 
speed of 10 rpm. 

Solution: The infiltration due to 
a temperature difference of 75 
F is 1040 cfm as taken from 
Fig. 7. The infiltration due to 
a e difference of 0.46 
in. of water is the same as in 
the first example, making the 
total 1040 + 250 or 1290 cfm. 


DISCUSSION 


All calculated infiltration curves 
and experimental data were based 


Fig. 9 Infiltration through 


operated revolving 
duu (air movement 35 fpm 
indoors, air leakage past door 
seals deducted) 
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3 amore Calculations show that the 
of people on infiltration is 
small and can be neglected. 


on the standard air density of 0.075 
Ib per cu ft. The calculated curves 
were not adjusted for the change 
in volume of the infiltration air due 
to te: ature change as it passes 
from outdoors to the indoors. 
Moreover, the infiltration rates 
found in the various figures which 
are a function of temperature dif- 
ference were based on winter con- 
ditions. The same temperature dif- 
ferences for summer conditions 
would correspond to slightly lower 
density differences. It was felt that 
the refinements for these changes 
in air density were not necessary 
and would only complicate the 
presentation of the 

One would expect that the 
motion of the door would tend to 
increase the crack area between 
_ door seals and the adjacent sur- 
faces and thus increase the air 
leakage past the door seals due to 
pressure difference. The data 
showed only insignificant changes 
in crack leakage with door move- 
ment. 

The effect of air movement in- 
doors and wind outdoors on infil- 
tration was not rigorously investi- 
gated, as this would likely require 
an extensive research project in it- 
self. However, the assumption that 
air velocity heads in the dary 
spaces were equivalent in effect to 
heads produced by temperature 
difference is a correction in the 
proper direction to the infiltration 
calculated for still-air conditions. 

The centrifugal force of the air 
in the door segment was estimated 
from the difference in density of 
the incoming and outgoing air of 
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This effect was neglected in the 
final analysis since the i 
of the force even at the higher rpm 
(10) was less than 10% of the tem- 
perature head. 

In a few tests, heated air was 
introduced into the inside segment 
of the revolving door, through the 


e revolving door 
housing. The rate of air entering 


this opening was about 
250 . With pF lim- 
ited data, a definite conclusion can- 
not be drawn; however, the infil- 
tration rates deduced from these 
tests at 10 rpm were close to the 
values given by the upper curve 
of Fig. 5. 


_ Opening ided for a luminaire 
in the ceiling of th 


CONCLUSIONS 


Infiltration through a revolving 
door can be estimated by combin- 
ing the air e past the door 
seals with the infiltration related 
to the revolving of the door. The 
magnitude of air —— through 
the seals of the door is the result of 
the sure differential across the 
building entrance and the size of 
the openings at the seal. Revolving 
the door causes an exchange of in- 
door and outdoor air of approxi- 
mate equal volume. The amount 
of this air 8 pam depends upon 
the door speed and the temperature 
differential and somewhat upon the 
wind and indoor air velocities. 
Infiltration due to air leakage 
past the seals of the door is given 
in the paper as a function of the 
indoor - outdoor sure differen- 
tial. Infiltration related to the door 
movement is also given for a motor- 
driven revolving door, and for a 


a 

3 

: 

segment and the door speed. . 


manually operated door for traffic 
rates up to 2000 people per hr. 
Data given in this 
based on the use of vaioerd 
which ide 
the adjacent surfaces. If seals de- 
teriorate to the point that good 
contact is not maintained, leakage 
past the seals will increase greatly 
The authors the valuable 
guidance of Messrs. A. M. Simpson {, 


the research program, and 
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APPENDIX A 
Infiltration rates from tracer measurement 


The 

shown in Fig. 1-A. 
nated as Qur the total 
into the room, 
room through 


the rate of hydrogen 
duct, and Quo the net rate of hydrogen 


gas 

rogen flow paths are desig- 

y rate of hydrogen introduced 


flowing out of the 


pessing out the revolving door. The air ente 


is Qu: through 


the revolving door, an 


the | through walls, etc. Air leaves the 
ber via the revolving door Quo and the exhaust duct Quo. 
C. and Cp are the concentrations of hydrogen in the space 


and in the exhaust duct. 
By volume balances on 


hydrogen Qur = Quo + Quo 


and on air Qur = Quo + Quan — 


A-1 
A-2 


The measured concentrations are 


A-3 


Fig. 1A 
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where from Eq. A-3 and A-1 


we, 
=( C. ) = C. 


= A-5 
Qav + Quo Qo 
from which 
= Cn Qo A-6 
from A-5 and A-6 
Qup 
= (1— Cp) = (1— Cp) Qo A-7 
Cp 
Substituting Eq. A-6 into A-4 
1—-C, 
=( ) (Qur — Cy» A-8 


and substituting Eq. A-7 and A-8 into A-2 


1— C, 
au — Co Qo) + Qn (1— Co) — Qu A-9 


The was determined from Eq. for ob- 
served values of C, and Cp from katharometer measure- 
ments, Qur from rotometer readings, and Qy from nozzle 
information. Q: was determined by measurement and 


a 


x 
| 


Fig. 1B 
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its relation to indoor-outdoor pressure differences. For 
tests without re differences the exhaust volume 
Qp was zero and Q;, was assumed to be zero. 


APPENDIX B 
Calculation of air infiltration component B through a 
revolving door 


Let a revolving door having 4 ts rotate at a uni- 
form speed, N, in the direction shown in Fig. 1-B. As- 
sume outside air is colder than room air. 

Consider a quarter-section OAB having its leading edge 
OA along ox reference axis 6 = O. At this moment 
assume t air in the segment has a uniform tempera- 
ture between indoor and outdoor air temperatures. At 
time @ let the segment be at —— OA,, and the volume 
of warm air entering into segment during the time 
interval @ be q. Assume air displacement is ing place 
as the result of buoyancy due to cold air in the segment 
and warm air in the room, and that warm air entering 
the segment is collecting in a uniform layer at the top 
of the segment. At on time @, the rate of change of q 
can be expressed as follows: 


dq 
—= CA V2gh B-1 
de 
where 
A= area of opening 
h= head of air 


C= flow coefficient 


In this equation, both A and h are functions of ¢@ and q. 
Therefore, in order to solve equation B-1, A and h are to 
be expressed in terms of q and #6. As area, A, first 
increases and then decreases during a complete "cycle, 
the equation can be solved separately for the two time 
intervals defined as follows: 

1. “Opening-cycle” corresponding to the time interval: 


4N 


2. “Closing-cycle” corresponding to the time interval: 


1 1 
4N 2N 
First, consider the opening cycle. For this cycle, h and 
A can be related to q and @ as follows: 
h=h. B-2 
=% L (27 RN@e) B-3 


where 
h. = head when ¢=0O 
V= Volume of the door segment 
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Substituting B-2 and B-3 in B-1: 


V—gq 
de Vv Vv 
1 1 
During the closing-cycle the time interval is —- <@ = —. 
4N 2N 


1 
For convenience take a as zero @ for reference purpose, 


thus the value of A for this closing cycle is 
V—q 


1 
A=%L27RN ) 
4N 
and equation B-4 becomes 


Inertia Effect—In the foregoing derivation the inertia of 
air in the segment, that is, the head lost in accelerating 
this mass of air from initially zero to some finite velocity 
was not considered. In a door segment, the inertia hea 

at a time @ can be approximated as follows: 


1 L dv 


2e de 


where L/2 is used to be consistent with h., which is de- 
scribed later 


since 
d dv 1 dq 
vA,= or — = 
de A. dé 
and 
Vv 
A.=— 
L 
then 
L’ 
= B-8 
2¢V 


and the actual head causing infiltration at any time @ 
would be the buoyancy head given by equation B-2 less 
the inertia head given by equation B-8, that is 


V—gq dq 
Actual head = h — hi = h. — 
Vv 2¢V dé 
Equation E-4 for the opening cycle becomes: 
— Ke y = B-10 
Vv 2gVh. de 


de Vv 
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B-5 
dq 1 V—q V—gq 
—=—CLz7RN{ ——e }|——¢/ 2 
de 4N Vv Vv 
B-6 
| 
f 
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and for the closing cycle 
dq ( 1 & 


de 4N 2gvh. de 
where 
K=CL+RNV2gh. 
B-11 
The head at the beginning of the opening cycle is 
P 
hist B-12 
p 
where 


Pse — density of air in the door segment at the begin- 
ning of the opening cycle 
Pp: = density of air in room 
p = reference density of air 0.075. 


Fig. 2-B shows the air exchange rates for all four 
segments as calculated by equations B-10 and B-11 for 
assumed values of air temperature in the segment and 
indoors or outdoors. Note it does not represent the net 
infiltration but merely the amount of air entering or 
leaving the door ts. 

In Equation 12 the determination of p,., the density of 
the air in the door segment, for a given indoor-outdoor 
temperature difference, requires a knowledge of the air 
temperature in the space. Thus in Fig. 3-B, t.. is the 
air-space temperature just after closing. By inspection 
of the figure, equations can be written as 


tee = f. te. qi f.) tee B-13 
and 

tee f, ti + (1— f:) tee B-14 
where 


f.= (Air displacement as fraction of segment 
volume when segment is exposed to outdoors) = 


outdoors B-15 


Fig. 2B Air exchange from 
one side of revolving door 
into door segment (includes 
inertia effect) 


EXCHANGE -CFEM 


8 


+ We 
2000 
' 
| 
2 = 6 8 
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= (Air displacement as fraction of segment 
volume when segment is exposed to indoors) = 
+ qe 
indoors _B-16 
Combining equations B-13 and B-14 


fi ts 1—f,) f. t. 
+ ¢ ) 


fete + (1— fe) fi ts 


The temperature of Segment I depends upon the rela- 
tive quantity of indoor air m:, and outdoor air, m. in the 


segment. 
t: mr + te Mo t: m: + t. Mo 


B-18 


B-19 


+ Mo V (volume 
of segment) 
and similarly 


ti t m’. ti mu + t. m’. 
= B-20 


te = 
mn + Vv 
From Equations B-18 and B-19 the amount of indoor 
air in Segment I is 
(1—f.) V 


1— (1i—f.) (1—f:) 
where for convenience, t. was assumed to be zero. 
Similarly from Equations B-17 and B-20 the amount of 


indoor air in Segment II is 
f:V 


1— (1—f.) (1—f:) 


B-21 


m: = 


B-22 


The difference in the quantity of indoor air in the out- 
going and incoming segments is the net infiltration. Hence, 


Infiltration per segment per revolution = mun — m: = 
f; 


1— (1—f.) (1—f,) 


and the infiltration rate through 


B-23 


tee 

and 
tee 
mn =—— 
3 
Fig. 3B 
tj E to 
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the door becomes 
4 N f; 
Q@= , cfm B-24 
1— (1—f.) (1—f:) 
In addition to knowing the infiltration through the re- 
volving door the corresponding indoor-outdoor temperature 
difference must be found. By subtracting both sides of 
Equation B-18 from t, it becomes 
f. 
(ti: —t..) = (t: —t.) B-25 
1— (i—f.) (1—f:) 

Also by subtracting t. from both sides of Equation B-17 
and dividing this result by Equation B-25, an equation 
is found which may help in visualizing some of the tem- 
perature and infiltration relationships. 

tee te f; 

B-26 

ti — tee f. 
Fig. 2-B shows air displacement rates for the entire door 
(i.e. 4 segments) and for (N) revolutions of the door 
as a function of 4T. For a given AT the (f) values can 
be determined from Fig. 2-B with the following relation- 


ship: 
cfm from Fig. 2-B 
B-2T 
4VN 
where 4V was taken as 218 cu ft for the revolving 
door used in the tests. 
For a given value of t: — t,o, the net infiltration rate Q, 
and the corresponding indoor-outdoor temperature differ- 
ence (t,—-t.) can be determined as follows: 
1. Assume t;—t.. and obtain cfm (inside) from Fig. 
2-B and determine f; from Equation B-27. 
2. Assume f.. Where buoyance effects alone determine 
the infiltration, it is logical that f.— f:. 
3. Knowing f; and f., determine infiltration from Equa- 
tion B-24 and t. — t. from B-25. 
Effect of turbulence and wind—By definition, the factors 
f. and f, represent the fractional air dispiacement of the 
segment volume when the segment is exposed to outdoors 
and indoors, respectively. This air displacement is caused 
by the temperature difference, in the absence of any ex- 
ternal air turbulence or wind. Any external air move- 
ment will increase the value of fs and/or f;. 
An approximate solution to the effect of air movement 
on infiltration was made by assuming that the average 


nondirectional air velocity head — was equivalent in its 


effect on infiltration to a buoyancy head of equal magni- 
tude. For convenience, since curves of infiltration rates 
were plotted against the square root of the temperature 
difference between door segment air and room air, Fig. 
2-B, the velocity heads were converted to temperature 
difference heads. Thus AT; and 4Tw were designated in- 
door turbulence and outdoor wind equivalent temperature 
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To solve for the infiltration throu 


the revolving door 


with a turbulence head inside of 4Tr and wind outdoor 
equivalent to ATw a trial and error solution was used 


as follows: 


1. Assume (t;: — ts.) and ATr. 
2. Find cfm, and thus (f;) from Fig. 2-B for 


3. Assume f.. 


V (ti + 


4. Find V (t..—t.) + 4Tw from Fig. 2-B for assumed 


if [(t.e—t.) from 


from Equation B-26 
tep 5] > [(te—t.+A4Tw) from 


Step 4] then a new value of (f.) in Step 3 is required. 
6. Solve for ATw= [ (tee pa te) + ATw] amd [tse —t.]. 
7. Calculate (t: —t.) from Equation B-25. 

8. Calculate infiltration from Equation B-24. 


From this procedure the indoor-outdoor temperature 
differential was found in Step 7, (reference t.— zero) 


for the infiltration rate determined in Ste 
indoors of ATr and wind outdoors of ATw. 


8, turbulence 
n this manner 


the curves of Fig. 7 were constructed. 


DISCUSSION 


Humpunreys: I am not sure just 
recommendation the latest GUIDE 
regarding revolving doors, and can not 
answer your question. However, it seems un- 
likely that such a relationship would exist. 


these 
now 
of single doors 
what 
makes 


used was actually calibrated for helium. How- 
unavailable, and the only other suitable gas 
could h Both 


helium and hydrogen have thermal con- 
ductivities quite different from air. In all tests 
the hydrogen concentration maintained was 
well below the explosive limit. 


the infiltration is about 550 cu ft per person 
for a vestibule-type entrance and 900 cu ft 


per person for a single-bank entrance. They 
are in con' the corresponding GUIDE 
values of 20 to 100 cu ft per person. 
facts detract in no way from the merits of 
the authors’ work. I am merely trying to 
point out the relative magnitude 
through a revolving door entrance and a 
swinging-door entrance, and the comparison 
of values with those in the ASHRAE GUIDE. 
It is also pleasing to see that the 
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C. Kummer, Cincinnati, Ohio: portant work without which the study of ie 

values compare with the GUI entrance infiltration cannot be considered to be ic 

states that you may take 50% completed. a 
when you have a revolving do It is interesting to note that from the af 
example of the paper, the infiltration rate re 

through a revolving door under the repre- be 

sentative field conditions (0.46 in. of water of = 

pressure differential, 0 F outdoor, and 75 F 

indoor temperature) is 60 cu ft per person for g 

a manually revolving (at 1,000 

. per hour) and 32 cu per person a 5 

B. Y. H. Liv, Minneapolis, Minn.: What are motor-driven type (at 10 ). These are BY 
the advantages of using the hydrogen gas as comparable to the GUIDE values of 75 cu ft : 
@ tracer gas as compared to other gases, such per person for infrequent usage, and 40 cu ft oi 
as helium? per person for heavy usage. ¢ 
uTHOR HUMPHREYS: In another paper® dealing with swing- 
is advantage ing-door entrances, under the same conditions 4 

plosive hazard associated with hydrogen is a ee 
distinct disadvantage. The katharometer we 
T. C, Mr, Auburn, Ala. (Written): Having  Plete_appendices have with 
been associated with the problems on infiltra- as 

tion prior to the period of the investigation re- a 
Position some to express my appreciation i 
to Mr. Schutrum and his associates of the * “Winter Infiltration Through Swinging- ‘ 

Research Laboratory for the information Door Entrances in Multi-Story Buildings” by 
presented. I would like to extend my congratu- T. C, Min, ASHRAE Transactions, Vol. 64, 

lations to the Laboratory Staff for this im- 1958, p. 421. : 


: ps : 
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Evaluation Procedure 
for Odor-Control Methods 


WILLIAM F. KERKA 
Member ASHRAE 


Control of odors within air-condi- 
tioned spaces has been more of an 
art than a science. Modern engi- 
neering ice demands finer and 
finer control, and the effective and 
economical removal of odors is be- 
coming an increasingly important 
factor in enclosed environments. 
This is ially so where the use 
of fresh, outdoor make-up air 
would be reduced to a minimum, 
and the recirculated indoor air 
picks up odors that are generated 


in the occupied 
program at the ASHRAE Research 
, the study of air-condi- 
tioning has achieved an im- 
portant position—one which should 
ive much-needed information to 
design engineer. It is the pur 
pose of this paper to examine a 
procedure which can be used to 
evaluate odor-control methods such 


William F. Kerka is a Research neer at 
ASHRAE Laboratory. This been 


as odor modification, sorption and 
will be used to imply either mask- 
ing, counteraction or cancellation. 


Possible methods of evaluation — 
There are numerous methods of 
odor evaluation and each is based 
on the use of the human 
system. A few of the sible 
methods are outlined as follows: 
l. Use of a rating scale with 
numbers and description 
related to the intensity an 
odor. 
2. The dilution technique, where- 
by a sample of odorous air is 
diluted with odor-free air until 
a threshold level is reached. 
3. The comparison of an odor 
level with a series of samples of 
varying concentration, and 
the unknown against 


4 
3 
; 
f 
| 
i 
J = 
one samples. 
shove can be the result 
"i prepared for presentation at the ASHRAE of either initial, immediate impres- ; 
68th Annual Meeting, Denver, Colo., June 
- 26-28, 1961, sions or evaluations made after i 
507 


508 
long periods of exposure to the 
odorant. 


TYPES OF ENVIRONMENTS 
Studies made under actual field 
conditions; for in the 
occupied of a buildi 
Non-simulated, in-space, 


system. 

Use of test rooms where the en- 
vironmental conditions (temper- 
ature, humidity and odor con- 
centration) can be controlled 
carefully. Simulated, in-space, 


static or dynamic system. 


made at sniff ports. A dynamic, 
out-of-space, simulated system. 
Confining the odorous air in con- 
tainers, syringes, etc., for evalu- 


ation. A static, out-of-space, sim- Odo 


ulated system. 
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Many authorities in the field 
of odor research that the 
best way to evaluate odor intensity 
is to have the person (or at least 
the person’s head) completely sur- 
rounded by the environment.’ 

The two 8 x 12 x 8-ft odor test 


ee rooms* at the ASHRAE Labora- 
tory were found to meet this con- 
dition, and the complete air-condi- 
tioning system to each test space 
| assured accurate control of the 
. environments. In selecting a method 
of odor evaluation, it was con- 
| ee cluded that a panel of from four 
Odorous environment confined to to eight persons making a direct 
an air stream with evaluations and immediate appraisal of the 
F environment with a rating scale 
could obtain the most data in the 
least amount of time. 
-control methods and odor- 
1 Exponents refer to References. 
; Fig. 1 Mechanical smoker and 
recirculating system in test room 
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ants selected for study — A survey 
of manufacturers of odor-control 
was made at the outset 


of to ascertain the 
availability of ucts on the 
market. The products used for 


study are listed in the panel below. 


1. Modification a. Product “A" 
2. Sorption 
a. i coconut- 
shell carbon 
3. Oxidation a. Ozone from small 


The following odorants were 
selected in the order of their im- 
tobacco smoke usually 

ing the most common offender in 
odor problems. It was also desira- 
ble to choose three different types 
of odorants — natural, synthetic 
multi-component and synthetic sin- 


gle-component. 


Odorants 


|. Fresh Cigarette Smoke 
2. Synthetic Kitchen Malodor® 


3. Iso-Valeric Acid 


al the first ten min of 
duction. The mean out-of-the- 

weight of six randomly selected 
cigarettes was 1.155 gm, and the 
mean weight loss for the ten-min 
burning period was 0.782 gm. Most 


Description 


Non-reactant, volatile liquid 
Non-reactant, volatile liquid 

Granular #6x 10 mesh, 50-min acceler- 

ated service life by U. S. Government 

chloropicrin test 

Os, Gas 


of the visible smoke generated 
came from the free-burning end. 
Synthetic kitchen malodor was 
uced into the test rooms by 
evaporation from a wick in 
a bottle of the fluid. For 
pose the full-strength was 
diluted 50% with distilled water. 
The wicks and bottles were placed 


Description 


Generated by mechanical puffer. A natural odor. 
Composed of a mixture of pure compounds and 
essential oils. A synthetic, multi-component odor. 
A pure vapor which resembles the smell of body 


odor. A synthetic, single-component odor. 


Odor introduction apparatus — in the small recirculating system 
Apparatus used for producing ciga- located in each odor room as shown 
rette smoke is shown in Fig. 1. 
One unit was located in of 
the two test rooms. The normal 
puffing time for a king-size, filter- 
tip cigarette was about 12 min, 


in Fig. 1. In an early series of 
tests, the malodor was introduced 
in the test space by spraying from 
an aerosol can. 


Iso-valeric acid vapor was in- 


: 
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troduced into the air duct 

to each test room by ling ni- 
through two gas-washing 


bottles coupled in series and con- 
taining the liquid acid.* 


Operation of odor-control ap- 
paratus — Odor i were 
introduced into the test rooms by 
evaporation from wicks in bottles 
located in the recirculating system. 
Because of possible fractionation 
during the evaporation process, 
the liquids (as well as the kitchen 
malodor) were changed for fresh 
batches about every fifth test. 

Activated carbon in the sorp- 
tion studies was used in canisters 
mounted on the inlet side of the 
fan of the small recirculating sys- 
tem that is shown in Fig. 1. An 
empty canister was used in one of 
the rooms so that the 
of each room was the same to the 
panel member. 

A mercury-vapor, ozone -gen- 
erating lamp also was mounted in 
the recirculating system in each 
test room. The lamp (G.E. No. 
0ZAS11) was operated in accord- 
ance with the manufacturer's spe- 
cifications. 


TEST PROCEDURE 
The ure used in this study 
was basically one of introducing a 
measured amount of malodor into 
each of the two test rooms. In one 
of the test rooms, the odor-control 
agent was allowed to act on the 
malodor for a given period of time, 
after which the odorous environ- 
ments in each test space were eval- 
uated by a group of subjects. In 
some preliminary studies, a rating 
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scale that had been used in the 
was utilized for the evalua- 
tion of the odor levels as follows: 


Word Description 
No odor 

1 Threshold, recognition 

2 Definite 

3 Strong 

4 Overpowering 

However, since the odor levels 
normally encountered in air-condi- 
tioned spaces are seldom above 
the 2 or 3 level, the levels used in 
the study were kept within the 
lower portion of the scale. This, 
then, restricted the number of 
scores (even though half scores 
were permitted; for example, a 112 
or 2%) from which to evaluate. In 
order to broaden the choices for 
noticeable differences in level, a 
0-to-10 point rating scale was 
adopted, with no associated word 
description other than the fact that 
0 meant no odor, 1 was threshold 
(recognition threshold), and 10 was 
a maximum level. 

A description of a developed 
test procedure is noted in the fol- 
lowing steps (using cigarette smoke 
as the malodor and an odor modi- 
fier as the odor-control agent): 


1. The test rooms are thoroughly 
purged with odor-free, condi- 
tioned air until the temperature 
and humidity in each test space 
is maintained at 75 DB and 50% 
relative humidity, respectively, 
(all tests were conducted at these 
conditions). 

2. The external air supply then is 
shut off and a cigarette is placed 
in the smoking apparatus in each 
test room for exactly ten min. At 


i 
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the beginning of the smoking 
apa the mixing fan ( llor 
an not shown in Fig. 1) in each 
test space is started in order to 
assure complete mixing of mal- 
odor and control agent and to 
prevent stratification. 

3. At the end of the smoking pe- 
riod, the cigarettes are removed 
and the bottle of odor modifier 
unsealed and placed in the small 
recirculating system of one of 
the rooms, the recirculating 
fan turned on for a eter- 
mined period of time (this time 
determines the ratio of modifier 
concentration to malodor con- 
centration). The mixing fans still 
operate during this period. 

4. The bottle with odor modi- 
fier then is removed and the re- 
circulating system shut off. The 
mixing fans continue to operate 
until ten min after the odor in- 
troduction was stopped. 

5. After this period, the mixing 
fans are shut off and the sub- 
jects are called to evaluate the 
odor levels in each test room. 


A schematic drawing of this 
static, batch-type test procedure is 
shown as follows, assuming that 
0 time is the end of the odor-intro- 
duction period. 


Odor evaluation. procedure — Usu- 


ally four runs were made during 
the day. The operator of the test 
rooms would select, at random, one 
or the other rooms to be treated 
with the odor-control agent; which 
room was being treated was un- 
known to the panel members. After 
the odor introduction and treat- 
ment cycles in the rooms were 
completed, the 1 members 
were called. Half of the 
entered one room first (one at a 
time) and the other half entered 
the other room first. The subject 
walked around the room at least 
once, sniffing several times, and 
then left. Upon leaving the first 
room (or in some cases while still 
in the room) he recorded on his 
score sheet the following odor- 
level impressions: 

1. Over-all level — Lum im- 

pression of items 2 and 3. 

2. Malodor level — Cigarette, 

kitchen, or iso-valeric acid. 


3. Background level—Odor 


ifier, activated carbon, or ozone. 


After waiting for at least one 
minute, the panel member entered 
the other test room and went 
through the same procedure. The 
peest member was always told be- 
ore a test what malodor and con- 
trol agent were being used, but 
not, course, which room was 
treated. All evaluations were made 
within a ten-min period or less. 

The results of each test were 
tabulated and replicate tests were 
analyzed statistically (by the analy- 
sis of variance)‘ to determine if an 
significant reduction in the 

or level occurred when treated 
by the control agent. A confidence 


if 
-! +IOMINUTES 
99CFM 
AR 
ONE CIGARETTE IN VARIABLE 
EACH TEST ROOM eg 
MIXING FANS IN me 
MODIFIER IN ONE ie 
ROOM ONLY 
os 


level of 95% was considered sig- 
nificant. 
The term “background level” 


was simply a column heading under 
which members scored 
the odor level of the modifier 


(product A or B) or ozone, depend- 
ing on what was used for a test. 
During the sorption studies the 
panel members were instructed to 
seek out any odor other than the 
malodor score it as the back- 
ground level. 

The rooms themselves (if closed 
for long periods of time) have a 
characteristic woody odor slightly 
above threshold level, but this was 
not detectable during a test run 
when a malodor level of from 3 
to 5 (on the 0-to-10 point scale) 
was used, or even w it was 
lowered by the control agent to a 
level of 1 or 2. However, daily air- 
ing of the rooms and standing over 
the week-end with doors opened 
reduced this problem to a mini- 
mum. All the surfaces of the rooms 
were washed with mild detergent 


and warm water periodically. 


PRESENTATION OF RESULTS 
Pan of test procedure using 
-modifier agents — The results 
of the studies on the Product “A” 
odor modifier and ci smoke 
are shown in Fig. 2 (a logarithmic 
scale was used only for conven- 
ience). To ascertain at what pro- 
portions of malodor and modifier 
concentration studies should be 
conducted for the most effective 
control, the concentration of the 
uct was varied by the len 
the air stream (from 15 sec to ten 


ASHRAE Transactions 


min), while the concentration of 
cigarette smoke remained constant 
(one cigarette burned in each of 
the two test rooms). The arithmetic 
means of the evaluations of mal- 
toed level and Product “A” level 

k: ) made by the ] 
tain two distinct curves. The curves 
were drawn to fit the points by 
“eye.” The values at 0 ure 
time represent the levels in the test 
room with cigarette malodor only, 
and show the range of scores from 
test to test when the physical con- 
centration remained constant. At 
the point where the two curves 
crossed, additional tests were made 
to determine if the reduction in 
malodor level was statistically sig- 
nificant com to the room wi 
malodor only. The results of five 
runs are shown as follows: 


Malodor—Cigarette smoke—one 
burned in each test room for 
ten min. 

Odor-Control Agent — Product 
“A,” 0.5-min exposure, weight 


512 
a versus exposure time of prod- 

uct “A” 
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loss = 0.0368 to 0.0507 gm 
(minimum and maximum for 
five runs), wick % in. above 
top of bottle. 


the panel member was never aware 
of which room was being treated. 
He was told also that in some spe- 
cial tests both rooms might or 


Cigarette Cigarette Malodor 
Malodor Only Product "A" 
Run Over-all §Malodor Back- Malodor Back 
Number Level Level ground Level 
CW-9M 2.9 2.3 0.8 34 19 19 
Cw-13M 3.2 3.0 0.4 3.2 18 2.3 
CW-14M 3.3 2.6 0.7 3.3 1.8 2.2 
CW-I5M 2.9 2.46 0.3 3.1 13 2.6 
CW-16M 2.9 2.5 0.5 3.2 5 2.1 
Each value is the mean of five individual scores. 
For the five replicate tests, the might not contain the control agent. 


reduction in mal level is sig- 
niicant by the 99% confidence 
level. However, there is virtually 
no difference in over-all level be- 
tween the treated room and the 
room with malodor alone. To oper- 
ate to the right of the crossover 
point (Fig. 2) further would reduce 
the malodor level, but only at the 
expense of increasing the odor 
level of the "bate that 
shown in the tabulation. This 
would result in masking se - 


— one odor for another) 

the counter-action (re- 
duction in level of both malodor 
and odor modifier) that is desired. 

The fact that some background 
odor level of the uct was re- 
corded in the test room with ciga- 
rette malodor only does not neces- 
sarily mean that any residual odor 
was present from a ious test, 


but could arise from the fact that 
some of the components of the 
malodor may have reminded the 
panel member of the product odor. 
It should again be pointed out that 


The same procedure of deter- 
mining the cross-over point of op- 
eration for Product “A” and kitchen 
malodor was used. The results of 
five runs at slightly to the left of 
this point showed a significant re- 
duction in malodor level. However, 
the odor of the product in the 
treated room was again evident. 
To assure that the kitchen malodor 
was not over-treated; that is, too 
much odor modifier used, a series 
of five runs was made with a lower 
concentration of Product “A” (to 
the left of the cross-over point). 
The analysis indicated that bie re- 
duction in malodor level was not 
statistically significant. On the 
other hand, the odor level of the 
product (background) in the treated 
room was also lower than in the 
preceding tests. 

Application of procedure to Prod- 
uct “B” odor modifier—The results 
of the studies on Product “B” odor 
modifier and smoke are 
shown in Fig. 3. It was found that 


ve 
: 
q 
q 
| 
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considerably less ably less than that of 

Product “A” The “A.” The amount of Prod- 
uct “B” evaporated from the %2-in. 
exposed wick was so great that a 
— enough time was 
possible. Se a result, the wick 

was su ed and evaporation 
from the surtace of the liquid was 
utilized. Because for a given ex- 
ure time the weight loss of 
uct “B” varied considerably 
from test to test, the results are 
plotted on a weight-loss basis rather 
than on an evaporation-time basis. 
The six tests that were run close 
to the crossover point were tabu- 
lated and analyzed: Malodor — 
Cigarette smoke — one cigarette 
burned in each test room for ten 
min. Odor-Control Agent — Prod- 
uct “B,” weight loss 0.0030 to 0.0061 


gm, no wick exposed. 


garette 
Malodor Only 
Run Over-all Malodor 
N Level 
CB-2M 24 2.5 
CB-3M 25 2.3 
CB-4M 3.4 3.3 
CB-5M 3.3 3.0 
CB-9M 3.7 3.5 
CB-10M 3.3 3.0 


Each value is mean of five individual! scores. 


In this study the — mem- 
bers were instructed that Product 
“B” would be scored as the back- 
ground level. Also, as in the pre- 
vious runs, evaluations were 
upon the termination of the ten- 
min mixing period. Analysis of the 
data indicates that the probability 


of the results of the six tests oc- 
curring by chance is less than 
0.001; , the reduction in the 
malodor intensity by the modifier 
is significant the 99.9% confi- 
dence level. relatively same 


over-all level for wr treated and 
untreated rooms is evident. 
The product level background) in 


the treated room also is noticeable. 
The rapid rise in the product level 
at the crossover point would, in 
actual practice, make proper con- 
trol t; however, the exact 
a of this curve needs further 


The results of the studies on 
Product “B” and kitchen malodor 
near the cross-over point again 
indicated a significant reduction in 
malodor level, but with the no- 
ticeable odor level of the product. 


Application of test procedure to 


Cigarette Malodor 
Product 
Back- Over-all Malodor 
Level Level ground 
0.2 3.4 14 2.9 
0.4 3.1 1.2 3.5 
0.2 3.7 1.7 3.0 
0.2 3.1 19 2.2 
0.1 3.3 18 2.5 
0.46 24 2.0 0.9 


activated carbon — The fact that 
activated carbon will adsorb odor- 


ous vapors has long been estab- 
lished.’ In its ication, there 
are a number problems that 


must be considered‘: 
1. Operating life — dependent, 
among 


, upon its rate 
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RODUCT "B" LEVEL 
(BACKGROUND) 


d 


— 


oot 
GRAMS OF PRODUCT “B” EVAPORATED 


005 


rette smoke versus weight loss of product “B” 


of loading, its exposure time and 
the type of vapor involved. 


2. Amount of treatment — the 
weight of activated carbon, and 
the amount of air and vapor 
treated by it to produce signifi- 
cant odor reduction. 

3. The economics of its use — 
maintenance, reactivation, re- 
placement, etc. 


Items 1 and 3 are beyond the 
scope of this paper since they are 
related more to conditions in the 
field than to laboratory experi- 
mentation. The test procedure will, 
therefore, be applied to item 2. 
The activated carbon was used in 
canister form (5 Ib in a canister). 
The canisters were mounted on the 
inlet side of the fan of the recircu- 
oe system in each room as pre- 
viously described. In these studies 
all test runs were again static, 
batch-type ses. No addi- 
tional mixing (other than that pro- 
duced by the recirculating system) 
was utilized in the test rooms 
since these tests the time 
when it was concluded that addi- 


tional mixing should be used. In a 
sense, however, this subjected the 
tion of the carbon canister to 
conditions most likely encount- 
ered in actual use. 

A series of four tests all run 
at the same treatment time was 
analyzed. In the case of the back- 
ground level, the panel members 
were instructed to rate any odor 
other than the malodor as back- 
ground. (See Table A.) 

The statistical analysis of the 
four replicate tests indicates that 
the reduction in malodor level by 
the carbon treatment was not ‘sig- 
nificant. However, it was noted 
that one of the panel subjects in 
this test series was consistantly 
scoring te to the other seven 
members. Elimination of this per- 
son’s score gave test results that 
showed a significant reduction in 
— odor by the 95% con- 

level. The relatively low 
back d level for each condi- 
tion is evident in the preceding 
scores. 
To gain a better ive 
of the treatment time necessary for 
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TABLE A | 
Cigarette Malodor 
Malodor Only Activated Carbon 
Run Over-all Malodor Back-  Over-all Malodor Back- 
Number Level ground Level ground i 
2.9 28 0.1 22 19 0.8 
CCc-2 2.9 2.7 0.2 3.0 2.7 0.7 
cCc-3 28 2.6 0.4 25 16 1.2 
cc4 3.1 2.9 0.3 3.6 3.1 0.9 


TABLE B 
Treat- Ciger Cigar Malodor Malodor 
ment Malodor On plus Activated Carbon Reduction 
Run Time Over-all Malodor Over-all Malodor Back- 95%, Confi- 

Number Min Level Level ground Level Level ground dence Level 
MC-! 12.5 3.9 3.8 0.3 3.1 2.9 0.3 No 
MC-2 17.5 3.8 3.6 04 3.2 2.9 05 Yes 
MC-3 225 4.2 4.1 05 25 2.1 1.2 Yes 
MC-4 275 3.4 32 0.7 2.6 19 1 Yes 
MC-5 325 3.3 3.1 0.3 1.7 1.0 Fi Yes 

Each value is the mean of six to eight individual scores. 

TABLE C 
Significance 
Treat- Iso-Valeric Acid Iso-Valeric Acid Malodor 
ment Vapor Only plus Activated Carbon Reduction 
Run Time Over-all Malodor Back- Over-all Malodor Back- 95%, Confi- 

Number Min Level Level ground Level Level ground dence Level 
Vvc-i 15 2.7 2.2 0.5 1.8 0.6 1.3 Yes 
vc-2 15 3.2 2.4 1.1 2.5 2.1 0.6 No 
vc-3 15 3.2 2.8 0.4 2.2 1.4 0.8 No 
vc-4 20 25 2.1 0.7 1.3 0.4 1.0 Yes 
vC-5 20 2.6 2.2 0.6 18 0.9 12 Yes 
vCc-6 25 24 18 0.8 19 0.8 13 Yes 
VvC-7 25 2.7 2.3 0.7 1.4 0.9 0.8 Yes 


odor reduction, studies with cigar in each case. (See Table B.) 


smoke odor were made with vary- 
ing lengths of treatment time. In 
these tests, the cigar was burned 
for only 2.5 min in each test room, 
since it was found that this 

high enaugh odor level fr 
evaluation . The next tab- 


ulation shows the results of five 
tests with the treatment time listed 


Since each test has a different 
treatment time, an analysis of the 
Speen tests was made instead 

an aggregate analysis. The sig- 
nificant reduction in malodor level 
i at the 17.5-min treatment 


: All runs have 20-min treatment persed. 
F Each value is the mean of eight individual! scores. 
f Each value is the mean of eight individual scores. 

period and above. The Loy 

Bs sively lower cigar malodor level 
. and over-all level with increased 
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Fig. 4 Odor intensity level 


of ozone versus operating 
time of ozone- generating 


lamp 


©-TO-I0 POINT ODOR INTENSITY SCALE 


treatment time also are evident in 
the room using activated carbon. 
The same procedure (a differ- 
ent carbon canister was used for 
each malodor) was used in apply- 
ing the test ure to activated 
carbon and iso-valeric acid vapor. 
The supply air was introduced into 
each test room at a rate of 99 cfm 
with a malodor concentration of 
0.0000218 oz/1000 cu ft (0.0053 
ppm by volume) for a period of 
e min for each run, and the re- 
circulation through the carbon can- 
isters was varied from 15 to 25 
min. The tabulation of seven runs 
is in Table C. 
a that a treat- 
ment time of 15 min was not ya 
quate in significantly reducin 
odor level of the 
vapor. For the 20-min period of 
ion and above, however, 
signi t reduction in both over- 
all and malodor level was noted for 
each test run. The low background 
level is again evident. 
In studies treatin 


syn- 
acti- 
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vated carbon, a problem arose, in 
that, while one room was being 
treated, there was a natural decay 
of the malodor in the untreated 
room. This was especially notice- 
able if the treatment time exceeded 
10 min. As a result, the panel mem- 
ber was comparing the insted 
room with the room in which 
natural decay of the malodor was 
ing. The chances for recog- 
nizing differences would thus be 
lessened. There was little evidence 
of this rapid natural decay with 
the tobacco odor and the iso-valeric 
acid vapor. The analysis of the 
aggregate of six tests (treatment 
time, 10 to 20 min) showed the 
reduction in malodor level to be 
significant by the 99.9% level. 


of 
— At the 
studies, an evaluation of the inten- 


a 

sity level of the generated ozone es 

versus the ting time of the ik 

lamp (original lamps referred to as e 

lamps A) was made. This is shown Bs: 

as line A in Fig. 4. Unfortunately, 5 

during this period no means of 

measuring the ozone concentration . 

was available. In later studies, two & 

other lamps (henceforth referred to mf 

as lamps B) were used (one for a 

each room) when the original two — 

were found by sensory appraisal to - 

be producing a lower level for a 4 

given operating time. The p: 

concentration of ozone uced i 

by each lamp B was determined 3 

by noting the decay of a special 7 

rubber strip," and also by using < 

the oxidation-reduction principle 

of a potassium iodide solution.’ 

thetic kitchen malodor with The degree of decay of the rubber : 


EA 


F 


4 


— 
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Fig. 5 Malodor level (iso-valeric acid) and 
ozone level in treated and untreated room 
versus time of ozone treatment 


strip for a given time of exposure 
estas ‘eu 
centration in ppm by volume. It 
was found that continuous opera- 
tion of a lamp B in the sealed-off 
static test room produced an equi- 
librium concentration of ozone of 
about 0.002 to 0.003 ppm (2 to 3 
ppb). This equilibrium concentra- 
tion is reached after about one 


hour time of the lamp 
Half this concentration is reached 
in ten From 


the 
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FRE 
LEVEL IN UNTREATED ROOMS 
TTT 
| 
: IN TREATED ROOMS IN UNTREATED ROOMS 
o © 4 8 7 
OPERATING TIME OF LAMP — MINUTES 
agent in one of the rooms for a 
given period of time. It should be 
again that throughout 
i test special runs were 
; bers, whereby either or both rooms 
| were treated simultaneously, or 
both were not treated. This served 
; to check the responsiveness of the 
subjects to make sure that they 
were not partial to either room. 
The panel members were fa- 
miliari 
Fig. 4, line B, the recognition quali 
about scored as the 
. 0.00: . This is less than that 
) Virtually same test proce- lamp A as the control 
dure was used in the ozone studies cigarette smoke as malodor 
were run with a varying treatment 
the introduction of the malodor in time. 
} each test room, and the treatment An analysis of the four repli- 
of the environment by the control cate tests for 15 min of treatment 


EVALUATION PROCEDURE FOR Opor-ConTROL METHODS BY KERKA 


519 


Cigarette 
Treatment Malodor plus Ozone 
Run Time Over-all Malodor Back- Over-all Malodor Back- 
Number Min Level Level ground Level Level ground 
COo-2 10 2.3 2.2 0.8 24 19 1.0 
co4 10 2.3 16 1.0 3.0 18 1.4 
Cco.! 15 2.1 19 0.7 20 1.0 18 
co-3 15 34 3.3 0.3 3.0 15 1.7 
co-+4 15 3.0 24 0.6 2.8 22 it 
Co-7 15 3.5 3.3 0.3 3.0 2.0 15 
co-8 20 2.9 2.6 0.4 2.8 14 1.8 


Each value is the mean of five individual scores. 


time shows a signi reduction 
in cigarette odor level. The 
ozone in the treated room was per- 
ceptible as shown in the last col- 
umn 


The studies using iso-valeric 
acid vapor over a 
longer iod operation time 
erating lamp (Lamp A) to assure 
an te reaction time between 
the ozone and the malodor. In- 
stead of treating one room and 
comparing it with the untreated 
room, both rooms were treated 


rooms is evident. The slight back- 
level of ozone reported in 
untreated rooms again could 
arise from the fact that some of the 
characteristic odor notes of the 
malodor reminded the panel mem- 
bers of the ozone. The over-all in- 
tensities (not shown in Fig. 5) for 
both the treated and untreated 
rooms were about the same for 
In usin: 

kitchen malodor and __ the 
test procedure was identical to the 
one just described for iso-valeric 
acid ex that the malodor was 
introd into each room by 
spraying from an aerosol can for 
a two-sec period. The test results 
are pl in Fig. 6. The abscissa 
in Figs. 5 and 6 ( ting time for 
ies to the treated 
rooms only, the untreated rooms 
(with malodor alone) being allowed 
to stand for the same length of 
time before evaluations were be- 


gun. 
From Fig. 6, there appears to 
be no signi reduction of the 


malodor level by the ozone as com- 
pared to the natural decay of the 
malodor alone, except possibly at 
the longest treatment time. How- 
ever, here the level of ozone is so 


; 
with ozone for the first group of : 
runs, and then both rooms were : 
untreated for the second For of 
runs. The comparison, ore, id 
was made on this basis. The fact : 
hon not known to the panel mem- : 
The test results for the treat- ._ 
ment of the malodor with ozone : 
are shown in Fig. 5. Here a direct : 
comparison of the plotted levels rey 
treated) and then with the 
treated by the ozone. The fact that 4 
the reduction in malodor intensity : 
due to ozone treatment is no greater za 
than the natural time) 
of the malodor in untreated : 


of about 0.002 to 0.003 ppm. The 
mixing fans also were used in the 
test rooms to comply with the test 

ure recommended at the be- 


ginning of this paper. The results 
of four identical tests showed that 
there was no significant reduction 
of the cigarette malodor when 
treated with ozone as compared to 
the cigarette malodor alone. 
Although all procedures of 
testing described so far are based 
on immediate impressions, it was 
concluded that possible exposure 


Fig. 6 Synthetic kitchen malodor level and 


to ozone by the panel members 
over a period of time might cause 
some fatiguing of the olfactory sys- 
tem and hence a lower sensitivity 
to the malodor. To study this effect, 
cigarette smoke odor was gener- 
ated in one of the static test rooms. 
The panel members entered this 
room (all at one time) and made 
an immediate evaluation of the 
odor level. The panel then entered 
the other room where they re- 
mained for exactly ten min. 

In one series of tests the sec- 
ond room had been purged thor- 
oughly with fresh air; and in the 
second series, it contained a con- 
centration of ozone of about 0.002 
to 0.003 ppm. This fact, of course, 
was unknown to the panel. After 
the ten-min e , the subjects 
re-entered the room and again 
evaluated the cigarette smoke odor 
level. From previous studies it had 


been found that the odor level of 


ozone level in treated and untreated room 
versus time of ozone treatment 


14 TO I6 INDIVIOUAL SCORES 


4 4 


MAL.ODOR LEVEL IN OZONE TREATED, ROOMS 


4 T 
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that masking of the malodor 
takes The stead 
rise in ozone level is apparent with 
| increased operation time of the 
lamp. 
. Test runs using ozone lamps B — 
: When ozone lamps B were in- 
| stalled, a series of repeat runs was 
made me cigarette smoke and 
ozone, the latter at a concentration 
| 
CPP 
ozone) | | | 
RA Bad 
Oo 10 20 30 40 50 60 70 
¢ OPERATING TIME OF LAMP — MINUTES 
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cigarette smoke did not decay 
iably during the ten-min 
a following odor introduction. 
following tabulation shows the 
results of this test: 


* Each value is mean of four subjects. 


It has been noted in the past 
that there is a tendency for the 
second judgment of a given level 
to be lower than the first (for this 
reason half the subjects normally 
entered one room and half the 
other room first). This point is evi- 
dent in the preceding results, but 
the fact that, after exposure of an 
ozone concentration 0.002 to 0.003 
ppm, the second judgment was no 
ower than the one made after ex- 


posure to odor-free air, indicates 
that the exposure time or concen- 
tration of ozone was not great 


enough to cause any fatiguing of 
the olfactory receptors. 

To further study the exposure 
to ozone for an extended period, 
the panel members remained in 
the test room for a ten-min period. 
In one case the room contained 
only cigarette malodor (one ciga- 
rette puffed for ten min) and in 
other case ozone again at a con- 
centration of 0.002 to 0.003 
was present with the ma dor. 
Again this was unknown to the 


panel. The results of this study 


shown in Fig. 7. Each t 
taking in three identical tests 
each condition and represents 


evaluations of malodor level made 
at one-min intervals thereafter. The 
effect of adaptation is evident? in 
both cases. adaptation rate for 
each of the two conditions is nearly 
the same until about seven min, 
where there is a hint of a continued 
decline when e to the mal- 
odor plus ozone. It would appear 
that exposure to this concentration 
of ozone and malodor must be 

eater than a ten-min period be- 
ore fatigue to the olfactory recep- 
tors exceeds the adaptation that 
occurs when exposed to the mal- 
odor alone. 


DISCUSSION 
this oot the static, 
simulated type. The main problem 
associated with this is that, once a 
test condition is set up, absolute 
stability during the period of eval- 
uation may not exist. This can re- 
sult from the change in character 
of the odorants under study due to 


521 

the 

par- 

for 

Ten-min exposure in room : 

with ozone at concentration Ten-min exposure in : 

of 0.002 to 0.003 ppm by vol Odor-Free Room i 

Initial Odor Final Initial Odor Final 3 

Level Odor Level Level Odor Level : 

3.9* 2.8 3.5 3.1 

4.0 3.0 4a 2.8 : 

3.6 3.0 3.8 3.1 

4.0 3.3 

Mean of Mean of : 
4Tests 3.9 3.0 3 Tests 3.9 3.0 
| | 


adsorption and desorption on the 
room surfaces, progressive dilution 
of the test room environment when 
the subject enters through the door 
from the outside, and the natural 
decay with time that complex odor- 
ants may exhibit. Having all the 
subj enter a test room at one 
time would be advisable. In this 
study, however, the subjects (staff 
members of the Laboratory) were 
called from their normal work 
routine and in some cases were not 
able to respond immediately. 
Therefore, a maximum evaluation 
—_ to ten min was established 

which all subjects com- 
pleted the evaluation of each room, 
one at a time. To minimize any 
unstable effects, it would be nec- 
essary to establish a strict sched- 
ule of evaluation in the shortest 
possible time. 

The advantages of the static 
system are that it is relatively easy 
to set up, and the amounts of 
odorant and odor-control agent in- 
troduced into the system can be 
measured readily. In the dynamic 


malodor plus ozone 
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Fig. 7 Adaptation to cigarette malodor and 


system, continuous control of all 
variables must be exercised to 


maintain an equilibrium condition. 
The descri test setup can be 
used easily without physical altera- 


tion as a dynamic system ex 
for its application to the study of 
odor control by sorption. In this 
case the adsorbent would have to 
be relocated in the air supply sys- 
tem and the odorant introduced 
upstream from this point. For the 
cases, however, conditioned 
air is supplied continuously to the 
room, controlled rates of modi- 
fier or ozone are fed into the test 


room at a continuous, measured 
rate. 


Odor introduction techniques — 
The method of introducing the 
cigarette smoke odor re- 
producible. Of the six randomly 
selected cigarettes for weighing, 
the measured loss for the ten-min 
burning period ranged from 0.6436 


at 
ins | 
CIGARETTE MALOF 
Qo 
© MINUTES OF EXPOSURE OF PANEL MEMBERS TO ENVIRONMENT 
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| 
space through the small recircu- 
: lating system located in the space. 
The odorant also is fed into the 


to 0.8739 gm. Each of these ex- 
tremes deviates less than 33% from 
the 0.7820-gm mean, or less than 
a just-noticeable-difference on an 
odor- ption basis. Since most 
of the smoke from a humanly puffed 
cigarette comes from the free-burn- 
ing end, the mechanical puffing 
action complied with this. 
Concentration of the iso-valeric 
acid vapor could be determined 
accurately, and past studies? have 
shown agreement within 10% of 
measured and calculated values. 
Introduction of the synthetic 
kitchen malodor by evaporation 
from a wick dipped in the diluted 
liquid proved unreliable because 
of fractionation. It is recommended 
that the liquid be aerosolized into 
the space for absolute reproduci- 
bility. Spraying the malodor from 
an aerosol can for some of the tests 
appeared to give a more consistent 
quality and Eas but in addition, 
a means of measuring the exact 
mg loss should have been util- 


Introduction and measurement of 
the odor-control agents — The pri- 
mary purpose for introducing the 
odor modifiers by evaporation from 
a wick was to comply as closely as 
possible to their actual use in an 
air-conditioning system. It can cer- 
tainly be argued that more rigid 
control should have been exer- 
cised. However, the method used 
did bring out a notable point; 
namely, Ee a given e e time 
of Product “A” the weight loss 
varied only +21% (less than a just- 
noticeable difference). 

One of the problems in meas- 
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uring the concentration of ozone 
with the special rubber strip is that 
it must be exposed for a sufficient 

iod of time to obtain a meas- 
urable amount of decay. As a re- 
sult, the reading obtained is not 
an instantaneous value, but rather 
the integrated mean value over 
the period of exposure. The instru- 
ment using the oxidation-reduction 
of potassium iodide* is readily re- 
sponsive to changes in concentra- 
tion, and hence gives near-instan- 
taneous values. Witheridge and 
Yaglou"' have shown that the ab- 
solute humidity affects the disap- 
pearance of ozone in a room, but 
since all tests in this study were 
made at the same condition (75DB 
and 50% RH) +2.5F, the humidity 
effect was negligible. Also with the 
low concentrations used in this 
study, the degeneration that oc- 
curred during the five to ten-min 
evaluation period after ozone in- 
troduction was stopped appears to 
be of small magnitude.° 

The term “oxidation” has been 

used in conjunction with ozone as 
a possible means of odor reduction. 
The results of the tests conducted, 
especially Figs. 5 and 6, would 
indicate that masking probably oc- 
curs if enough ozone is generated. 
Further support of this fact is given 
in reference 11. The maximum 
allowable concentration of ozone 
recommended for long-term myn 
sure is given as 0.1 ppm.’* At 
concentration (measurements were 
made near the ozone generatin 
lamp in the recirculating ate. 
ozone has a strong, pungent odor. 
Even at the measured concentrat- 


ing of 0.003 ppm, the characteristic 


v 


odor is quite evident and it would 
seem unreasonable to use much 
higher levels in air-conditioning 
systems. 


Odor evaluation — In applying the 
test procedure, one basic fact was 
determined: does a reduction in 
malodor level occur when treated 
by the control agent? Although 
the study of odor character notes 
by profile analysis for blends of 
odorants would more etely 
describe the problem,** it cannot 
be denied that, if one criterion is 
to be chosen, the analysis of odor 
level stands out as one of the fore- 
most. A study of the quality of the 
environment before and after treat- 
ment is of equal importance, but 
since this type of evaluation in- 
volves preference oe, it is be- 
ond the scope of this . It is 
ned that the of 
profile analysis and preference rat- 
ing be i rated in a future, 
continued study of odor control 
methods. 

In using the three ts 
to evaluate the levels in odor 
test rooms; that is over-all, mal- 
odor and background, the over-all 
level was not necessarily the arith- 
metic sum of the other two com- 
ponents. This can be resolved more 
clearly by considering two identi- 
cal concentrations of the same 
odorant. For instance, if each were 
at a level of 3, combining 
them (or doubling the concentra- 
tion) would not give an over-all 
level of 6. The panel members 
were instructed thoroughly on this 
point. The use of the term “back- 
ground” was perhaps not the best 
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choice. Since one of the test rooms 
did not contain the control agent 
and one did (but in some special 
tests both rooms did not or both 
did), the choice of one term to 
apply to all conditions was not an 
easy one. 

However, from continuous dis- 
cussions with the panel members, 
there was no doubt in their minds 
about scoring the control agent as 
“background” when the agent itself 
had a characteristic odor. In the 

ion studies the term was less 
definable. If the fact that some 
background product level was re- 

in the test room with onl 

malodor resulted from the fo 
uct odor being carried on the sub- 
ject’s or operator's clothes from the 
treated to untreated room, then the 
procedure of treating one room 
and not the other should be altered 
so that both either are treated or 
untreated. Co: isons would then 
have to be e from one test to 
the odor of the modifier also is 
same test. 


CONCLUSIONS 
1. Procedure of testing described 
can be applied to a number of 
odor-control methods. 
2. Main deficiency of the static 
type of test used is that absolute 
stability of the conditions may not 
exist during the treatment and 
evaluation periods. 
3. Signi t reduction in mal- 
odor be achieved by 
treatment with odor modifiers, but 
the odor of the modifier also is 
perceptible. 
4. Significant reduction in mal- 
odor level can result from treat- 
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ment with activated carbon. 

5. Reduction of odor levels by 
ozone at concentrations slightly 
above threshold is not statistically 
conclusive by the results presented 
in this study. 

6. Described procedures are to be 
considered exploratory in nature, 
and should serve as a guide for 
further experimentation in the 
broad field of odor control. 
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DISCUSSION 

E. Scorr Pomvren, Birmingham, Ala.: Would actual color tars could be removed. But it a 
there be any significance in the test work if took the activated carbon filter to remove the BS 
the panel members were smokers or non- so-called gases as part of the smoke, because US 
smokers? if it were removed only with the electrostatic rh 
filter there remained a gas which left a sting + 

C. M. Humpureys: Panel members who are in the air. ie 
smokers refrain from smoking for a twenty- ey 
minute period prior to the test. That length Raps T. Zinn: What kind of odor control is wt 
of time is sufficient to eliminate any effect of used in atomic submarines? Only limited a 
smoking. space is available for equipment on these < 
units. 

T. Zinn, Denver, Colo.: Has an in- 
vestigation been made of the use of negative E. P. Patmatier, Syracuse, N. Y.: I am a 
ionization of the air as a method of odor almost certain that activated charcoal or a 
removal? activated carbon is used in these systems. ae 
Harry Esert, Houston, Tex.: I would like o 

some information on odor control in animal . a 

quarters where the predominant odor is Rib 

ammonia. 

Joun Bornry, Minneapolis, Minn.: There are ae 

extensive animal quarters at one hospital; ie 

activated carbon was used there but it did = 
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Daily Insolation 
on Surfaces Tilted toward the Equator 


BENJAMIN Y. H. LIU 


Measurements of solar radiation 
have been made up to this time 

arily on horizontal surfaces 
and data for sloped or vertical sur- 
faces are extremely sparse. How- 
ever, the solution of engineering 
and scientific problems involving 
solar radiation generally requires a 
knowledge of the solar radiation 
incident upon surfaces of various 
orientation. Therefore, a method is 
here developed which enables the 
solar radiation on sloped surfaces 
to be determined when the radia- 
tion incident upon a horizontal sur- 
face is known. 

Although, with modification, 
the proposed is probably 
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applicable to surfaces of any orien- 
tation, the present research is re- 
stricted to surfaces tilted toward 
the equator (i.e. tilted toward the 
south for localities in the northern 
hemisphere and tilted toward the 
north for localities in the southern 
hemisphere) only. Solar energy 
collecting devices of current inter- 
est, with the exception of those 
equatorially mounted to follow the 
diurnal motion of the sun and those 
at outer space, are generally so 

orientated for maximum exposure 


to sunshine. Radiation of solar 
origin only is considered and ther- 
mal radiation, either from the 


ground or from the atmosphere, is 
not involved. 

The subject of the present re- 
search has n investigated by 
various others':*:* but the resulting 
empirical treatments of the prob- 
1 Jordan, R. C. and Threlkeld, J. L., “Solar 
Energy Availability for Heati : the United 


26(12):111-121, Decem 


of M esota This paper was prepared for 
tation at the ASHRAE 68th Annual 


lem differ from the fundamental 
approach here followed. 


THEORETICAL 
CONSIDERATIONS 


Let H and H, be respectively the 
daily summations of the total radia- 
tion incident upon a_ horizontal 
surface and a tilted surface, and 
let D be the daily summation of the 
diffuse radiation incident upon a 
horizontal surface. Since H, in- 
cludes not only the direct solar 
radiation from the sun and the 
scattered solar radiation from the 
various parts of the sky but also 
the solar radiation reflected onto 
the tilted surface from the ground, 
whereas H is composed of only the 
direct and diffuse radiation, 


H.= (H— D) 


where Rp, Ra and Rp are respec- 
tively the conversion factors for the 
direct, diffuse and ground reflected 
radiation and are defined by the 
following ratios: 
daily direct radiation incident 
upon the tilted surface 


daily direct radiation incident 
—_ a horizontal surface, 
(H — D) 


Rp 


daily diffuse sky radiation in- 
cident upon the tilted surface 


R= 
daily diffuse sky radiation in- 
cident upon a horizontal sur- 
face, D 


? The method of E. M. Brooks as described by 
Hottal, H. C., in “Performance of Flat-Plate 
Solar Energy Collectors,”’ Space Heating with 
Solar Energy, Proceedings of a Course Sym- 
posium held at M.I.T., pp. 58-71, 1950. 

Mossman, J., “Solar Incidence Conversion 
Factor anc Heat Storage Efficiency of Water,” 
M.Sc. Thesis in Chemical Engineering, M.I.T., 
Cambridge, Massachusetts, September, 1950. 
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daily summation of the radi- 
ation reflected onto the tilted 
surface from the ground 

~ daily total radiation incident 
upon a horizontal surface, H 


Thus the conversion factor, R, 
for the daily total radiation is given 
by the following equation, 


D 
R=H./H= (1——) Ro 
H 


D 
H 


Each of these conversion factors, 
D 
Rp, Ra and Rp and the ratio — 
- H 

will be separately considered. 


1. Conversion factor for daily di- 
rect radiation—In order that an 
approximate analytical expression 
for Rp may be obtained, consider 
the following two special cases. 

Special Case 1 — Surfaces Lo- 
cated Outside the Atmosphere of 
the Earth: 

Outside the atmosphere of the 
earth, the solar radiation incident 
upon a horizontal surface is entirely 
direct radiation and therefore 

Ro= (3) 


where H,, and H, are respectively 
the extraterrestrial daily insolation 
on the tilted and the horizontal 
surfaces. For this ial case, Rp 
may be derived as follows. 

The extraterrestrial solar radi- 
ation intensity, 1,,, on a horizontal 
surface at any instant is given by 


Ion = Ice COS On (4) 


ry 

R 

+ 

+ (2) 


where 


I.. = radiation at normal incidence 
at the outer limit of the at- 
mosphere = solar constan 
corrected for the variation o 
the distance between 
earth and the sun from the 
mean distance, Btu/hr/sq ft 


@,= incidence angle of the solar 
rays upon a horizontal sur- 
face — zenith distance — 90 

deg — solar altitude angle 
The incidence angle, 6,, is a 
function of the latitude, L, the 
solar declination, 8, and the hour 
angle, », as shown in Fig. 1. The 


following basic astronomical equa- 
tion is stated without proof, 
cos 6, = cos L cos 8 cosw 
+sinLsiné (5) 
The extraterrestrial daily inso- 
lation, H,, can be found by inte- 
grating Equation (4) with es 
to time for all hours during which 
the sun is above the horizon, i.e. 
when cos @,, is itive. Since one 
hour is equivalent to 15 deg or 
Qn 
—— radians of hour angle, and since 
24 


Fig. 2 Diagram 
showing that sur- 
face located at 
the latitude, L, 
tilted toward the 
equator at an 
angle 8 deg from 
the horizontal sur- 
face is parallel to 
a horizontal sur- 
face at the lati- 
tude L— deg 
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SPHERE 
\ APPARENT DIURAL 
“eauaton PATH OF THE SUN 
Fig. 1 Relationship between zenith dis- 
tance, @,, latitude, L, solar declination, 
8, and hour angle, w 
a = 
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I,, and 8 are both appro: 
fixed quantities during one day, 


Ws 
(cos cos 8 cos + sin Lin 8) a( 


—ws 


where , is the sunset hour angle 
in radians and is the hour angle 
at which cos 6, is zero. By Equa- 
tion (5), 


cos w, — — tan L tan 8 (7) 


It should be noticed that during 
the summer months and in the 
polar circle when the sun never 
sets, indicated by the fact that the 
uct on the right hand side of 
Equation (7) has an absolute value 
greater than one, », in Equation 
(6) should be replaced by z. 
Similar to Equation (4) one 
may write for a tilted surface, 


Toe = Ton COS 6¢ (8) 


where I,, and @, are the extrater- 
restrial radiation intensity and the 
angle of incidence of the solar rays 
on the tilted surface. It can be seen 
from Fig. 2 that a surface located 
at a latitude, L, tilted 8 deg from 
the horizontal surface toward the 


ximately 


uator is 1 to a horizon- 
surface at the latitude L—f. 


—w 
Qa 


=— (cos Leos sinw. + ,sinLsin’) (6) 


Therefore 0, is the same as 4, at 
the latitude L — B, or 
cos 6. = cos (L— £) 
cos (9) 
The extraterrestrial daily inso- 

lation, H,,, on a surface tilted to- 
ward the equator can then be 
found similarly by integrating L. 
of Equation (8) with to time. 
Since the integration should be car- 
ried only over the period during 
which the sun is above the horizon 
and in front of the tilted surface, 
both cos 6, and cos 6, should re- 
main positive within the limits of 
integration. If a sunset hour angle, 
«,’, is defined by setting cos @, to 
zero, 

cos —=— tan (L—£)tané (10) 
then the limits of integration should 
be either (—os, ws) or (—o,’, w,’) 
whichever cover a smaller range of 
values. The following two equa- 
tions for H,, are obtained, 


24 
Hoe = — Ion [cos (L — cos sin + w, sin (L — sin 8] 


when 


= 


24 
H. 
T 
when 


= ws 


(11) 


[cos (L — cos sin w’, + sin (L — sin 8] 


eq 

24 


COO 
Hoy = EXTRATERRESTRIAL DAILY INSOLATION ON U 


as A SURFACE TILTED TOWARD THE EQUATOR 
AT @ DEGREES FROM HORIZONTAL 

(Mo * EXTRATERRESTRIAL DAILY INSOLATION ON 
A HORIZONTAL SURFACE 


| JAM. 16 6 
| FES. 15 AUG.I9 
MAR. 16 SEPT 18 
APR. 16 OCT. 19 }-+ 
MAY 16 NOV. I7 
JUNE 16 OEC. 16 
JULY 16 JAN 7 
AUG. 16 FEB. 4 
SEPT. 16 MAR. 14 | y 
Oct 6 APR. 13} 2643 
NOV. 16 may 1S} 
DEG. 16 JUNE 15 
a 


Fig. 3 


3to7 Ratio of the extraterrestrial 
on a surface tilted 

at an angle of 

on a horizontal surface for L—8 = 
0 in Fig. 3, for L — 8 = —10° in Fig. 4, 
oa 6 and for 8 = 90° 

surface! in Pig. 7 


g to the above two for the special case under consider- 
equations, two expressions for Rp ation are obtained: 


cos (L— £8) sin ws: — cos 
when w, = w,’ (13) 


cos L SIN ws — ws COS we 


cos (L— 8) sin w.’ — cos w,’ 
Ro= when w,’ = ws (14) 
cos L SiN ws — ws COS wx 


‘ 
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60 
EXTRATERRESTRIAL DAILY INSOLATION ON 
a A SURFACE TILTED TOWARD THE EQUATOR q 
DEGREES FROM HORIZONTAL 
4g * EXTRATERRESTRIAL DAILY INSOL ATION ON 
A HORIZONTAL SURFACE TUT 
$. LAT. 
JAN. 16 JULY 18 
|_| Fes. 1s AUG. 19 
sel, SEPT. 18 aif 
APR. 16 oct. 19 LA 
= 32H MAY 16 NOV. I7 
|_| 16 OEC. 16 ‘ ‘ 
|_| oct 6 APR. 13 +—+—} 4 4 
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DEC. 16 JUNE 15 
] ‘ a a 
Lazer 
4. 
a4 
i 
ol ttt 
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LATITUDE, L, DEGREES 
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Special Case 2—Surfaces Lo- by water vapor, clouds, dust par- 
cated on the Earth and during the _ ticles, ozone, dry air molecules, etc. 


Time of Equinox: C uently, on the surface of the 
“4 earth the observed intensity of the 


In ing through the atmos- direct solar radiation is only a frac- 
phere of the earth the intensity of tion, 7, of the intensity of solar 
the direct solar radiation is reduced radiation incident on top of the 
due to scattering and/or absorption atmosphere. Hence, by “definition, 


Ws OF w,’ 
r Ion [cos (L— 8) cos cos w sin (L — £) sin 8] a( = ) 


—(ws OF ws’) 


Rp = 


24 
#8 r Ion [cos L cosé cosw + sin L sin 8] a( =.) (15) 


y 
iti 
Ws 
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Fig. 5 


day, + is which is completely independent 
a function of the hour angle and of how the values of + may vary 
in general Rp can be evaluated with the variation of the atmos- 
when this functional relation- pheric cloudiness, water vapor, etc., 
ship is known. However, on equi- during the day. It should be no- 
ticed also that the expression for 
Rp in Equation (16) is precisely the 
same expression given b ua- 
tions (13) and (14) when 6 = 0. 
The two ial cases consid- 


ered above show that although 
cos (L— reoswdw 


2 


cos (L— (16) 


7 cos L 
2 

jut reoswdwe Equations (13) and (14) are derived 
~ by considering the extraterrestrial 


solar radiation only, they do give 
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Fig. 6 


the correct expressions for Rp on 
equinoxes for surfaces located on 
the earth and tilted toward the 
equator at any angle 8. Since the 
exact evaluation of Rp by means of 
Equation (15) requires a knowl- 
edge of the atmospheric transmis- 
sion coefficient, +, which except for 
cloudless days is now only mea- 
gerly understood, it is recom- 
mended Equations (13) and (14) be 
used as a first approximation. 

It should be clear that a 
during the time of equinoxes 
of these equations 
should be made on a long term 
statistical average basis only, since 
the extremely variable cloudiness 
would preclude the possibility of 
predicting the value of Rp for any 


single day that is not completely 


cloudless. It should also ex- 
pected that the use of these equa- 
tions will give best results when 
the solar declination is not large 
and probably becomes less reliable 
for times during the solstices. For- 
tunately, a set of experimental data 
for a south facing vertical surface 
is available for Blue Hill, Massa- 
chusetts, and the overall error in- 
volved with the approximations 
here made can be determined 
when the theoretically computed 
conversion factors are compared 
with those derived from the experi- 
mental data. 

The values of Rp are com- 
puted for each of the twelve months 
using the mean solar declination 


= 

3.2 

ae 


—>— 
=e 


= 

4 


ITT] 


“EXTRATERRESTRIAL DAILY INSOLATION ON 
A SURFACE TILTED TOWARD THE EQUATOR 
AT # DEGREES FROM HORIZONTAL 

4.9 EXTRATERRESTRIAL DAILY INSOLATION ON 
A HORIZONTAL SURFACE 


Jan 6 


FES. 15 aus. 19 


MAR.16 SEPT. i6 


APR ocr. 19 


MAY 16 wou IT 


JULY 


SEPT. MAR. 14 


Oct «6 13-4 


RATIO Ro= 


20 NOV 16 MAY | 
6 JUNE 15-4 
if 
4 
| 
12 
4 
4°) 
=- 
° - 
fo 20 30 40 


LATITUDE, L, DEGREES 


Fig. 7 


and are shown in Figs. 3 to 7 for 
surfaces tilted at angles r . 
tively equal to and 10, 20, and 30 
deg larger than the latitude and 
for the special case of 8B = 90 deg 
(vertical surface). 


2. Conversion factor for diffuse sky 
radiation — It is generally observed 
that diffuse tiation not only 
varies in intensity with the atmos- 
pheric water vapor, clouds, dusts, 
contents, but also in angular dis- 
tribution when the atmospheric 
condition changes. If it is assumed 
as an approximation that the dif- 
fuse sky radiation is isotropic, i.e. 
it is uniform in all directions, then 
it can be shown that the ratio of 
the intensity of diffuse radiation 


incident upon a surface tilted at 8 
deg from the horizontal surface 
to the intensity of diffuse radiation 
incident upon a horizontal surface 
is %(1 + cos 8). Since this ratio 
is independent of the position of 
the sun in the sky, it also repre- 
sents the ratios of the hourly and 
daily sums of diffuse radiation on 
a tilted surface to those on a hori- 
zontal surface. Thus 


Ra = % (1 + cos 8) (17) 


3. Conversion factor for the ground 
reflected radiation — Since the ma- 
jority of the ground surfaces nor- 
mally encountered, such as grass, 
concrete and sand, reflect radiation 
more or less diffusely, only the case 
of perfect diffuse reflection will be 
considered. 
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Let the ground in front of a 
surface tilted 8 deg from the hori- 
zontal surface be of infinite extent 
and have a uniform hemispherical 
reflectivity (or albedo) p, for solar 
radiation. When the total radia- 
tion incident upon the horizontal 
surface has the intensity, Ip, the 
reflected radiation has the intensity 
plm. Since the radiation is re- 
flected diffusely, the problem is 
similar to one of the exchange of 
thermal radiation when the hori- 
zontal surface is emitting radiation 
diffusely and at a rate equal to 
plrn. The intensity of the radiation 
incident upon the tilted surface 
due to ground reflection can then 
be computed by methods of ther- 
mal radiation heat transfer.‘ The 
following equation can be obtained 
by integration, 

(1— cos 8) 


Ire (18) 


where 


I,= intensity of radiation reflected 
onto the tilted surface from the 
ground, Btu/hr/sq ft 


Thus the conversion factor for ground 
reflected radiation is 


(1— cos 
2 


When the ground is not of 
uniform reflectivity, the conversion 
factor can be determined in the 
following manner. It will be as- 
sumed that the ground surface can 
be subdivided into a finite number 
of portions so that a single hemi- 
spherical reflectivity can be as- 
signed to each portion. Let the sur- 


(19) 


« Eckert, E. R. G. and Drake, R. M., Jr., “Heat 
and Mass Transfer.”” McGraw-Hill Book Com- 


Pany, 1959. 
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face area of the on of ground 
with reflectivity Pre A; and the 
surface area of the tilted surface 
(such as the surface of a window, 
a solar collector, the sensing ele- 
ment of a pyrheliometer, etc.) be 
A,. Then ihe radiation incident 
upon the tilted surface due to the 
reflectioi: of A, is 


qi A: Fi... Pi Im Btu/hr (20) 


where F;., is the geometrical con- 
figuration factor angle factor, 
shape factor, view factor, etc.) of 
the titled surface A, with respect 


to the area A,;. However, for per- 


fect diffuse surfaces this reciprocity 
relation is true, . 
A: Fi..= A. (21) 


where F,., is the geometrical con- 
figuration factor of the surface A, 
with res to the surface A,. 
Combining Equations (20) and (21) 


qi = As ps Im (22) 


The average radiation intensity on 
the tilted surface due to the reflec- 
tion of the entire ground surface is 
given by 

(>; qi)/As =In Pi (23) 
Thus for the case of non-uniform 
reflectivity, 

R, =~; Fs-1 (24) 
Since the conversion factor is given 
by Equation (19) for a ground sur- 
face of uniform reflectivity, an 
average hemispherical reflectivity p 
for the prea of non-uniform re- 
flectivity can be defined by equat- 
ing Equations (19) and (24), 

(>, cos B) (25) 
With this definition of p the con- 


2 

‘ 


version factor for the ground re- 
flected radiation for either of the 
above considered cases is given by 
Equation (19). 

The values of the reflectivity 
(or albedo) of various of sur- 
faces obtained by different ob- 
servers have been compiled by List* 
and of his compilation is re- 
produced here in Table I. 


4. Diffuse sky radiation—Since the 
most commonly available insola- 
tion data are the total radiation, H, 
and the computation of the insola- 
tion on a tilted surface by means 
of the method here proposed re- 
quires also the diffuse component, 
D, the accuracy to which H, can 
be computed in many cases de- 
pends largely on the accuracy to 
which the diffuse radiation can be 
estimated. It has been shown by 
the authors* that when statistical 
averages are considered, relations 
exist between the diffuse and total 
radiation on a horizontal surface. 
These relations, reproduced here in 
Fig. 8, can be utilized for the esti- 
mation of the diffuse radiation 
when the total radiation is known. 
In Fig. 8, Curve (1) gives the 
relation between D and H, and 
Curve (2) gives the relation be- 
tween D and H, where D and H 
are used to denote the monthly 
average values. In using these 
curves the different meanings of 
the diffuse radiation D and D 
"Lis, x. J. n__ Meteorological 
Tables, 6th revised ed . Smithsonian In- 
stitution, Washington, D. C., Table 154 & 155, 
pp. 442-444, 1968, 
* Liu, B. Y, H., and Jordan, R. C., “The In- 
terrelationship and Characteristic Distribution 


of Direct, Diffuse and Total Solar Radiation. 
Solar Energy, Vol. 4, No. 3, July 1960. 
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should be clearly distinguished — 
the former denotes the average 
diffuse radiation received on days 
when the daily total radiation, H, 
received is a_given fraction of that 
incident on top of the atmosphere 
and therefore represents the aver- 
age diffuse radiation to be expected 
on days of a given degree of cloudi- 
ness ( of cloudiness is 
indicated by the value of Ky = 
H/H,), whereas the latter — 
sents the monthly average di 
radiation and is the average dif- 
fuse radiation for all days during 
the month regardless of the d 

of cloudiness of the individual 
days. 

The extraterrestrial daily inso- 
lation H, for each month needed 
for the determination of Ky and 
Ky can be ted by means of 
Equation (6) with the use of the 
mean solar declination for each 
month. Fig. 9 shows H, 
against the latitude for each of the 
twelve months. These values are 
based upon a solar constant of 2.00 
ly/min or 442 Btu/hr/sq ft. 


Combining Equations (2), (17) 
and (19), 


Table | Reflectivity of the Various 
Types of Surfaces 

Surface eflectivity, 
Fields, various types .......... 3-25 
Grass, various conditions ...... 14-37 
Ground, bare ................ 7-20 
8-14 


> 


CLO 
(1) BASED ON STATISTICAL AVERAGES, |__ 
THE RATIO AS A FUNCTION OF | | | 
os THE CLOUDINESS INDEX, Ky 
ZIO 
ES 0.6} 
0.4 
(2) ON A LONG TERM MONTHLY AVERAGE— 2 
easis, as A FUNCTION OF Kr 
BE 0.2 
q 0.1 02 03 04 05 0.6 07 08 


DAILY TOTAL RADIATION ON A HORIZONTAL SURFACE Eq 
RATIO DALY INSOLATION ON HORIZONTAL, SURTRCE® OF Fr= 


Fig. 8 The relations between the daily total and daily 
i radiation. Curve (1) gives the ratio, D/H, of the 
as a function of the cloudiness index, K; = H/H,, where 
D is the average daily diffuse radiation received on days 
when the daily total radiation, H, received is a given fraction, 
K,, of the solar radiation, H,, incident on top of the atmos- 
phere. Curve (2) gives the ratio D/H, as a function of 
K, = H/H,, where both D and H are respectively the lon 
term monthly averages of the daily diffuse and daily tota 
radiation on a horizontal surface 


D 1 
R= (1——) Ro + — (1 + cos 8) — + — (1— cos B)p (26) i 
H 2 H 2 | 


COMPARISON OF RESULTS data are here used to determine the 
accuracy of the method here pre- . 

Since 1945, the Weather Bureau of sented. 
the United States has at its solar 
radiation station at Blue Hill, Mass., 1. Conversion factor for the monthly 
made measurements of the total average daily total radiation — For 
radiation incident upon a south monthly average values, and for a 
facing vertical surface and a hori- vertical surface facing south, Equa- 
These experimental tion (26) reduces to 
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ON A HORIZONTAL SURFACE 


EXTRATERRESTRIAL DAILY INSOLATION 


~ 
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Fig. 9 The extraterrestrial daily insolation, H,, on a hori- 


. zontal surface 


In Table II, Columns (1) to 
(3) show the radi&tion and conver- 
sion factors derived from the five- 
year (1952-1956) data for Blue Hill, 
Mass.,’ and Columns (4) to (8) show 
the various quantities for the com- 
putation of the theoretical conver- 
sion factors. The theoretical con- 
version factors, R, in Column (8) 
have been using an arbi- 
trarily chosen reflectivity p of 0.2 
for he surface in front of 
the vertical south facing pyrheli- 
ometer at Blue Hill. However, with 
the actual conversion factors known 
from the i data, Equa- 
tion (27) can be used to solve for 
the correct “reflectivities” which 
' Blue Hill solar radiation data obtained from 


Mr. C. V. Cunniff, U. S. Weather Bureau, 
Blue Hill Observatory, Milton, Mass. 


1D 1 


(27) 


will make the theoretical and ex- 
perimentally determined conver- 
sion aon agree exactly. The 
“reflectivities” so computed are 
shown in Column (9). 

It is doubtful that these are 
the actual values of the reflecti 
of the d surface at Blue 
since also include experi- 
mental error and errors arising 
from the various imations 
here made, and the authors can 
make no direct comparison since 
the actual reflectivities are un- 
known. However, the fact that 
these reflectivities are of the cor- 
rect order of magnitude indicates 
that the method here proposed is 
valid. The abrupt increase of the 
value of p during January and 
February is expected as a result of 


10 20 30 
H 
i 
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A GROUND REFLECTIVITY OF 0.2 
EXPERIMENTAL POINTS BASEO ON 
THE 1947-1956 DATA OF THE 
BLUE HILL OBSERVATORY 
MILTON, MASS. (LAT. 42°13" 


aa 


RADIATION ON A SOUTH-FACING VERTICAL 


° 0.1 0.2 0.3 0.4 


10 


the 


the presence of snow cover on the 


The effect of ground reflectiv- 
ity on the insolation received on a 
vertical surface facing south can 
be seen also from Table II. For 
example, for January, if after a 
fresh snow fall, the reflectivity of 
the ground is increased from 0.2 to 
0.8 the conversion factor is in- 
creased from 1.74 to 2.04— an in- 
crease of 17%. Therefore for win- 
ter collection of solar energy by 
means of vertical collectors, the 
snow cover in front of the collec- 
tors should be preserved. 

On the other hand, for the 
month of June, when the reflectiv- 


RATIO TOTAL RADIATION ON A HORIZONTAL 


The theoretical and experimental factors for con- 
the daily total radiation from a horizontal surface 
‘ace facing south at Biue Hill, Mass., showing 
on 


0.5 0.6 0.7 0.8 09 


atmospheric cloudiness 


ity is increased by 0.15 (an increase 
easily achieved if the ground is 
changed from black with 10% re- 
flectivity to grass of 25% reflectiv- 
ity), the radiation incident upon 
the south facing vertical surface : 
increased approximately 20%. 
other things remain equal, this 
should be avoided for summer air 
conditioning. 

2. Variation of the conversion fac- 
tor for total radiation durin 
the same month with the degree 
atmospheric cloudiness — For days 
of a given oor of atmospheric 
cloudiness, and for a vertical sur- 
face facing south, Equation (26) 
becomes, 


540 ASHRAE TRANSACTIONS 
a= 
TTTITITITIIII 
oe 
III III II | 
a 
Ho 
Fig. 
toa 
the 


Discussion ON INSOLATION ON SURFACES TILTED TOWARD THE Equator 541 


of the ratio D/H. Since the ratio 
D/H is a function of the cloudiness 
index Ky, as Curve (1) of Fig. 8 
indicates, the conversion factor for 
the daily total radiation should 
vary with the variation of the at- 
mospheric cloudiness. In Fig. 10, 
the values of R computed by means 
of Equation (28) for the latitude of 
Blue Hill (42° 13’) are shown plotted 
as a function of the cloudiness index 
K, for the four months: December, 
February, April and June. The ex- 
perimental points shown are de- 
rived from ten year (1947-1956) 
data for Blue Hill. 

The imental conversion 
factors have been 
obtained by first classifying the 


days into a number of groups such 
that the values of H for days be- 
longing to each group fall within 


a limited interval values (the 
sizes of the intervals are indicated 
by the differences of the values of 
H of the neighboring points) and 


the ratio R = H,/H is then com- 
pated for each where both 
, and H are the a e of the 
daily total radiation ou tilted 
and horizontal surfaces for the days 
belonging to each group. 

It is interesting to note from 
Fig. 10 that during the winter 
months when the positions of the 
sun in the sky are more favorable 
for the incidence of the direct solar 
a vertical surface 
ing south and consequently 
ie, a of Rp are large, the conver- 
sion factor for daily total radiation 
increases rapidly with decreasing 
atmospheric cloudiness due to the 
decrease y! the ratio D/H. On the 
contrary, for the month of June, 
when Rp is small, the value of R 
decreases slightly when Ky in- 
creases. This does not mean, how- 
ever, that during the month of 
June the radiation incident upon a 
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R= (1——) Ro +——+—P 
H 8 
(28) 
For a given month when Rp s 
is constant, R becomes a function 
south facing vertical surface at ite 
Blue Hill becomes less as the at- ae 
mosphere becomes clearer. Be- a 
the Ji ti 1 t 
the vertical surface is the 
RH and is not determined by the 2 
value of R alone. ae 
E. C. Mies, Pittsburgh, Pa.: How are the are for clear days only and are tabulated for : 
data’ obtained from these computations com- different solar altitude angles and hours of Mere 
pared with the data from different latitudes day. This paper is concerned with the daily Cn 
and hours of the day as given in the radiation for all days; therefore, no direct’ - 
i GUIDE? comparison with the values given in the : 
GUIDE can be made. : 
Avurtuor Liu: The values given in the GUIDE : 
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Residential summer cooling appli- 
cations frequently require installa- 
tion of ductwork in non-air condi- 
tioned spaces such as basements, 
crawl spaces and attics. The condi- 
tioned air within the ducts is sub- 
ject to heat gain from the non-con- 
ditioned spaces, since the ambient 
temperature may vary from 75 F in 
basements to 140 F or more in attic 
spaces. 

An tal investigation 
of heat gain to air flowing in ducts 
requires that the ducts be enclosed 
in a space throughout which a uni- 
form air temperature may be main- 
tained. Considerable expense would 
be involved to provide such a space 
in a laboratory, plus the controls 
necessary to maintain the proper 
conditions within the space. As an 
alternate means of studying the 
technic Institute. Edward J. Brown is a Re- 
search Assistant Professor of Mechanical 


Engineering at the University of Illinois. This 
paper was p for presentation at the 


ASHRAE 68th Annual Meeting, Denver, Colo., 
June 26-28, 1961. 
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problem, the ductwork in the base- 
ment and attic of Warm Air Heat- 
ing Research Residence No. 2' was 
provided with sufficient instrumen- 
tation to measure the average tem- 
perature rise of the conditioned air. 

It should be noted that the in- 
strumentation was not considered 
suitable for determination of heat 
gain by the differences in enthalpies 
at two stations in a duct. This 
would require an evaluation of 
temperature and velocity profiles 
to determine total enthalpies at 
each station. The Residence instal- 
lation did not provide a means of 
controlling the ambient air tem- 
perature of the basement and attic. 
However, it was possible to meas- 
ure the average temperature rise in 
the ducts after the summer air con- 
ditioner had been in tion for 
several hours and con- 
ditions prevailed within the base- 
ment or attic. 

Several years ago, in an inves- 
tigation? of temperature drop in 
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ducts conveying heated air, it was 
shown that measurements of heat 
transfer coefficients (made in the 
Mechanical Engineering Labora- 
tory of the University of Illinois) 
were in agreement with the values 
for the same coefficients published 
in the literature. Therefore, it was 
possible to calculate accurately the 
temperature drop in ducts used in 
forced warm air heating systems. 
It was assumed that similar calcu- 
lations of temperature rise in ducts 
conveying cooled air would be 
valid. The measured average tem- 
perature rise data from the Resi- 
dence, for a necessarily limited 
number of ambient temperatures, 
com favorably with calcu- 
lated values of temperature rise for 
the same ambient temperatures. 
The of this is to 
present an analysis of of 
duct air temperature and velocity 
and ambient air temperature on the 
ture rise of air flowing in 
round ducts used for summer air 
conditioning. The analysis is based 
on the following assumptions: (1) 
The heat transfer rate is constant; 
does not vary with time, (2) The 
mean radiant temperature is equal 
to the ambient air temperature and 
(3) Condensation does not occur on 
the exterior surface of uninsulated 


ducts or on the exterior vapor bar- 


rier surface of insulated ducts. 


Uninsulated Ducts—Heat transfer, 
from the surroundings to the con- 
ditioned air flowing in a duct, de- 
pends upon the heat transfer coeffi- 
cients of free convection and radia- 
tion at the outside surface of the 
duct and the coefficient of heat 


transfer of forced convection at the 
inside surface of the duct. The 
resistance to heat flow of the duct 
wall has been neglected because of 
the small thickness of the wall and 
the relatively large thermal con- 
ductivity of the metal used 
in the manufacture of ducts. The 
heat transfer at the inside and out- 
side surfaces must be equal when 
steady-state heat transfer exists. 
The heat balance can be expressed 
by the following equation: 


q= hA (tw — tac) 
fhe +he) A(ta—tw) (1) 
where q = heat transfer, Btu/hr 
h: = inside surface coefficient of 
forced convection heat trans- 
fer, Btu/hr/sq ft/F 
tw = duct surface temperature, F 
tu = mean temperature of condi- 
tioned air, F 
h. = outside surface coefficient of 
natural convection heat 
transfer, Btu/hr/sq ft/F 
h, = outside surface coefficient of 
radiant heat transfer, Btu/ 
hr/sq ft/F 
A= area of duct surface, assumed 
equal for inside and outside 
surface because of small wall 
thickness, sq ft 
ta = ambient temperature, F 


The temperature change of the 
air flowing in the duct is not a 
linear function of duct length, but 
for short sections of duct the change 
may be considered linear. It was 
assumed that the temperature 
change would be imately 
linear in a 10-ft length; therefore, 
the area referred to is the wall area 
of 10 linear ft of duct. 

The solution of ion (1) 
requires an evaluation of the heat 
transfer coefficients for assumed 


ambient and duct air 


The inside surface cleat’ of 


le 
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aay 

| 

if ; 

ig 


544 


heat transfer by forced convection 
was evaluated by the equation for 
forced convection in turbulent flow 
in horizontal pipes found in most 
heat transfer texts:* 


k 
h; = 0.023 — 
D 
VDep 
— (2) 
k 
where 
k= thermal conductivity of the 
fluid (air), Btu/hr/sq ft/F 
D= diameter of duct, ft 
V=average velocity of fluid 


(air), ft/sec 
p= fluid Ib/cu ft, stand- 


ard conditions 

dynamic viscosity of fluid, 
lb/sec/ft 

c= specific heat of fluid, as- 
sumed constant, 0.24 Btu/lb/ 


ty = Prandtl number 


VDp 
—— = Reynold’s number 


“ 


The properties of air were 
evaluated - the mean duct air 
temperature. The values of thermal 
conductivity were obtained from 
Gas Tables* by Keenan and Kaye. 
Over the range of temperatures 
from 32 to 122 F, the Prandtl num- 
ber varied from 0.712 to 0.701 and 
an average value of 0.706 was used 
throughout the calculations. The 
inside surface coefficients of heat 
transfer were evalyated for duct 
air velocities from 400 to 1200 fpm 
in increments of 200 fpm, and 
mean duct air temperatures of 50 
to 70F in increments of 5F for 
4, 5, 6, 7 and 8-in. diam ducts. 

The outside surface coefficient 
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of heat transfer due to natural con- 
vection was determined by the 
equation for natural convection 
found in most heat transfer texts:* 


0.25 


k | 
h. = 0.53 — 


D 
where 8 = temperature function, 


reciprocal of absolute temperature, 
1/(deg Rankine) 


g = gravitational acceleration, 
32.16 ft/sec’ 


For the determination of the 
coefficient of natural convection, 
the film temperature (the tempera- 
ture of the thin stagnant layer of 
air adjacent to the surface) was 
assumed equal to the average of 
the ambient air and duct surface 

tures; the ties of the 
air film, thermal conductivity, den- 
sity, dynamic viscosity and the tem- 
perature function, were evaluated 
at the film t ture. The co- 
efficients were determined for am- 
bient t atures of 75, 100, 125 
and 150F and duct surface tem- 
peratures of 55 to 100F in 5F 
increments. 

The outside surface coefficient 
of radiant heat transfer was evalu- 
ated by the Stefan-Boltzmann’ equa- 
tion divided by the difference in 
ambient and duct surface tempera- 
tures, assuming a configuration fac- 
tor of unity for a small duct located 
in a relatively large enclosure: 


Ce (T*s T*w) 
(4) 
(T, — Tw) 


F 
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where 
o = Stefan-Boltzmann constant 
0.173 X 10° Btu/hr/sq ft/F* 


e= surface emissivity of duct 

Ts, Tw= ambient temperature and 
duct surface temperature, 
deg R 

Equations (1) through (4) ap- 

ply to any thin wall duct. For 

of this analysis, only gray 
oxidi zine surfaces with a sur- 
face emissivity e = 0.25 were con- 
sidered. The ducts installed in the 
Residence were also of galvanized 
iron. Radiation coefficients were 
determined for the same range of 
ambient and duct surface tempera- 
tures as the natural convection 
coefficients. 

After the coefficients of heat 
transfer were determined, the 
graphical method illustrated in Fig. 
1 was used to solve Equation (1) 


UNINSULATED 


Ty? 


Q, HEAT GAIN IN 10 FT SECTION, BTUH 


Tw, OUCT SURFACE TEMP, F 


for the heat transfer rate and duct 
surface . In Fig. 1 each 
side of Equation (1) is plotted as 
a function of the duct surface tem- 
perature, tw. The left-hand side of 
Equation (1) mts the heat 
transfer through the inside surface. 
It is represented by a line desig- 
nated ty = x. For a constant duct 
air t ture, the heat transfer 
increases almost linearly with duct 
surface tem and is zero for 
ty = tw. heat transfer to the 
outside surface of the duct at a con- 
stant ambient temperature, t, = y, 
is shown. As the duct surface tem- 
perature, tw, increases, the tem- 
perature difference decreases; 
therefore, the heat transfer would 
decrease to zero at t, = tw. 

For a ified condition of 
duct air velocity, duct air tempera- 
ture and ambient temperature, the 
intersection (1) of the two curves 
provides a solution of Equation 
(1). The duct surface temperature 
and the heat transfer rate are ob- 
tained directly from the coordi- 
nates. 

The temperature rise in a 10- 
ft len of duct was determined 


from the equation: 
(5) 
60VApec 
where 
At = temperature rise of air, F/10 
‘lineal ft 


60 = factor to convert velocity 
from ft/min to ft/hr 

A = cross-sectional area of duct, 
sq ft 


The duct surface temperature 
determines whether condensation 
will occur. Condensation of vapor 
will occur if the duct surface tem- 


z 

Fig. 1 Graphical solution of 
equation for heat transfer to a 
air flowing in uninsulated oa 


ture is below the dew t 
Of the ambient air. The dew a 
is a function of the ambient air dry- 
bulb temperature and relative hu- 
midity. 

The mean duct air tempera- 
ture, ty, represents the tempera- 
ture at the mid-length of a 10-ft 
section of duct. The entering air 
temperature is obtained by sub- 
tracting one-half A‘ from the mean 
temperature: 

t, = tu — —— 
2 
where t; = duct air temperature 
at the entrance of the 10-ft section. 
The temperature rise was plotted 
as a function of entering tempera- 
ture for the various duct air veloci- 
ties and ambient temperatures. 
These graphs are in a 
later section. 


Insulated Ducts — The analysis for 
insulated ducts is similar to the 
analysis for uninsulated ducts ex- 
cept that the resistance to heat flow 
im by the insulation must be 
considered. The heat transfer 
through the inside surface of the 
duct due to forced convection is 
the same as for uninsulated ducts. 
The heat transfer to the outer sur- 
face by natural convection and 
radiation is the same as for unin- 
sulated ducts, except that the out- 
side surface tem , ts, is sub- 
stituted for the duct surface tem- 
rature, tw, and the outside sur- 
area, Ag, is substituted for the 
duct surface area, A. 
The heat transfer the 
insulation is given by the conduc- 
tion equation: 


(6) 
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aq=C Ax (ts — tw) (7) 
where 
C= thermal conductance of the 
insulation, Btu/hr/sq ft/F 
Axu = log mean area of insulation, 


In —— 


Setting the heat transfer through 
each resistance equal: 


q= h; Aw (tw — tu) = = 
C Ax (ts (h. + hr) 
As (ta—ts) (8) 
The inside surface coefficient of 
heat transfer by forced convection 
and the heat transfer rate were the 
same as evaluated for uninsulated 
ducts. 
The coefficient of natural con- 
vection was calculated by a pro- 
cedure identical with that for the 
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coefficient for uninsulated ducts, 
except that the diameter used in 
Equation (3) was the outer diame- 
ter of the insulation. The surface 
temperature was ts instead of tw. 
The radiation coefficient was 
also calculated similarly to the 
coefficient for uninsulated ducts. 
Calculations were made for two 
s of vapor barriers, aluminum 
foil and duplex paper: An emis- 
sivity of 0.05 was assumed for alu- 
minum foil and an emissivity of 
0.90 was assumed for duplex paper, 
which consisted of two layers of 
Kraft paper bonded together with 
a thin layer of asphalt. The con- 
ductivity of the insulation was as- 
sumed to be 0.27 Btu/hr/sq ft/ 
F/in. of thickness, which gave 
conductance of 0.27 Btu/hr/sq ft/ 
F for 1l-in. thick insulation and 
0.135 Btu/hr/sq ft/F for 2-in. thick 
insulation. Calculations of the heat 
_ transfer rate through the insulation 
were made for both thicknesses of 
insulation, for duct surface tem- 
peratures from 55 to 75F in 5F 
increments and outside surface 
temperatures from 55 to 150 F in 
increments of 5 F. 


The solution of the heat trans- 
fer Equation (8) was solved graphi- 
cally as indicated in Fig. 2. In this 
case, the heat transfer was plotted 


as a function of the outside surface 
temperature, ts. 

The equation of heat transfer 
through the insulation yields lines 
of constant duct wall temperature 
represented by the lines ty = x 
and tw = x + 5. The heat transfer, 
q, is zero when tw = ts and in- 
creases linearly as ts increases, for 
a constant duct surface tempera- 
ture. For a constant outside sur- 
face temperature the hea¢ transfer 
rate decreases as the duct surface 
temperature increases, therefore, 
the line for ty = x + 5 is below 
the line for tw = x. 

The heat transfer to the outer 
insulation surface is represented by 
the two lines designated 'ts = y. 
The line is for the aluminum 
foil vapor barrier (emissivity = 
0.05) and the lower line is for the 
duplex paper vapor barrier (emis- 
wy = 0.90). The effectiveness 
of the lower emissivity vapor bar- 
rier in reducing the heat transfer. 
rate and temperature rise is appar- 
ent. 

The heat transfer through the 
inside film is dependent upon the 
mean duct air temperature and the 
duct surface temperature. If ty = 
tw = x, for example, the heat trans- 
fer rate is zero as represented by 
intersection (1) on Fig. 2. If tw = 


Table | Range of Variables in Analysis of Heat Gain to Ducts 


Variable 
Duct Diameter, in. 
Duct Air Temperature, F 
Duct Air Velocity, fpm 
‘Ambient Temperature, F 
Insulation Thickness, in. 
Vapor Barrier Emissivity 


if 

ay 

Range 

4, 5, 6,7, 8 
50, 55, 60, 65, 70 at 

400, 600, 800, 1000, 1200 aes 

75, 100, 125, 150 Bet 

0, 1,2 

0.25 for uninsulated ce 

0.05 and 0.90 for insulated ee 

5 | 


75 F Ambient Air 
6-in. Diam. 7-in. Diam. 8-in. Diam. 


5-in. Diam. 


Table Il Temperature Rise in |0-ft Sections of Insulated Ducts, F/ft 
4-in. Diam. 


0.90 


8-in. Diam. 
0.05 0.90 


O1 Ol 


02 02 01 .02 
6-in. Diam. 7-in. Diam. 


125 F Ambient Air 


5-in. Diam. 


4-in, Diam. 


Table Ill Temperature Rise in 10-ft Sections of Insulated Ducts, F/ft 
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x + 5 and ty = x, the temperature 
potential is 5 F and the heat trans- 
fer may be calculated for this con- 
dition; the value is sented by 
intersection (2) located on the tw = 
x + 5 line. The intersection of the 
line of constant mean duct air tem- 
perature, ty, with the line of con- 
stant ambient temperature, t,, for 
either surface emissivity, intersec- 
tion (3) or (4), provides a solution 
of Equation (8). The heat transfer 
rate and the outer surface tempera- 
ture are obtained directly from the 
coordinates. The temperature rise 
and the entering temperature were 
determined as for uninsulated 
ducts, and the temperature rise 
was plotted as a function of enter- 
ing air temperature for the various 
combinations. 


RESULTS 


Curves of temperature rise as re- 
lated to entering temperature were 
plotted for all combinations of duct 
diameter, insulation thickness, duct 
air velocity, va barrier emis- 
sivity and ambient temperatures. 
For convenient reference the ranges 
of these items are listed in Table I. 


Temperature Rise Curves — These, 
as related to entering temperature 
for 800 velocity and 75 and 
125F ambient temperatures, are 
presented in Fig. 3 and Tables II 
and III for all duct diameters. Fig. 
3 is for uninsulated ducts at 75 and 
125 F ambient temperature. Table 
Il is for 75 F ambient air and ducts 
with 1 and 2-in. insulation with 
vapor barrier surface emissivities 
of 0.05 and 0.90. Table III is simi- 
lar to Table II but is for 125F 


ambient air. The ture rise 
data obtained from the figure and 
tables show rature rise per 
lineal ft in a 10-ft section. If the 
temperature rise in a duct longer 
than 10-ft is to be determined the 
duct must be divided into 10-ft 
segments. The following example, 
illustrated in Fig. 3, shows the pro- 
cedure. 


Example 1. A 4-in. diam uninsulated 
duct is located in a basement where 
the ambient temperature is 75 F. 
The duct is 25 ft long. The air 
temperature at the entrance is 55 F 
and the air velocity is 800 fpm. De- 
termine the overall air temperature 
rise and the exit temperature. 


Solution: With the entering air tem- 
perature of 55 F, Fig. 3 indicates 
a temperature rise of 0.19 F/ft in 
the first 10-ft section. Therefore, 


the air temperature leaving the first. 
10-ft section is 55.0 + 10 (0.19) = 
56.9 F. This is also the entering air 
temperature for the second 10-ft 
section. From Fig. 3 the tempera- 
ture rise in the second 10-ft section 
is 0.17 F/ft which results in a leav- 
ing — of 56.9 +- 10 (0.17) 
= 58.6 F. The entering air tempera- 
ture for the last five ft of duct is 
also 58.6 F and the temperature 
rise in this section is 0.15 F/ft. The 
final temperature is 58.6 F + 5 
(0.15) = 59.4 F. The overall air 
tem; rise is 59.4 — 55.0 = 


4.4 F. 

Tables II and III permit the deter- 
mination of temperature rise infor- 
mation for air flowing in insulated 
ducts with two vapor barrier sur- 
face emissivities and exposed to two 
ambient air temperatures. The tem- 
perature rise for unlisted enterin 
air temperatures between 55 an 
70 F may be determined by inter- 
polation. 


Velocity Correction Factors—These, 
based on a velocity of 800 are 
presented in Table IV. Information 
is listed for both insulated and un- 
insulated ducts. The factors were 
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determined by analyzing data for 
all combinations of ambient tem- 
perature, diameter, insulation and 
velocity. The velocity correction 
factors are, for all practical pur- 
poses, independent of ambient 
temperature and duct diameter. 
The maximum deviation from the 
values listed in Table IV was 3% 
and the average deviation was 2%. 


The velocity correction factors for 
insulated ducts increased slightly 
with insulation thickness, but the 
maximum deviation from the values 

ted in Table IV was only 
3.5% and the average deviation was 
2%. The velocity correction factors 
permit utilization of the tempera- 
ture rise data presented in Fig. 3 
and Tables II and III for any 


065 5 
| 
Fig.3 Tempera- 
ture rise in unin- 
sulated ducts 
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Table IV Velocity Correction Factors 


Velocity, f 400 500 

Uni Duct ...... 1.60 1.40 

Insulated Duct ........ 1.89 1,57 
‘velocity between 400 and 1200 fpm. 


To illustrate, assume that in Exam- 
ple 1 the velocity is 500 fpm in- 
stead of 800 fpm. The velocity 
correction factor for 500 fpm in 
uninsulated ducts is 1.40. There- 
fore, the temperature rise in the 
first 10-ft ent is 1.40 times 0.19 
= 0.27 F/ft. The temperature en- 
tering the second 10-ft ent 
would be 55.0 + 10 (0.27) = 57.7 F. 


Ambient Temperature Correction 
Factors—Ambient temperature cor- 
rection factors are presented in 
Table V. The ambient temperature 
correction factors are Meow: ws 125 
and 75F ambient temperatures. 
These ambient temperatures corre- 
spond to the temperature rise data 
in Fig. 3 and Tables II and III. 
The ambient temperature correc- 
tion factors are independent of 
velocity and diameter. They are 
dependent upon entering tempera- 
ture and the amount of duct insula- 
tion. Presentation of the data as a 


600 
1.23 
1.31 


700 800 900 1000 1100 1200 
1.10 1.00 0.92 0.85 0.79 0.74 
1.13 1.00 0.90 0.81 0.74 0.68 


function of ambient temperature 
would require a separate curve for 
each entering air temperature. 
However, it was found that the 
ratio 


ambient temperature — 
entering temperature 


| base temperature — 
entering temperature 


provided an index of the ambient 
temperature correction factors, and 
left the amount of insulation as the 
only variable influencing 
the factors. Therefore, the ambient 
temperature correction factors are 
presented as a function of the ratio 
given above with separate values 
listed for uninsulated and insulated 
ducts. 

The ambient temperature cor- 
rection factors permit utilization of 
the temperature rise data presented 
in Fig. 3, and Tables II and III for 
any ambient temperature between 
75 and 150 F. If the ambient tem- 


Table V Ambient Temperature Correction Factors 
100 to 150 F Ambient Range 


T.-T; 

125-T, 06 O7 O8 O9 10 12 14 
Uninsulated Duct ...... 0.56 0.66 0.78 0.89 1.00 1.12 1.23 1.35 1.46 
Insulated Duct ........ 0.59 0.69 0.79 0.90 1.00 1.10 1.20 1.31 1.41 
34 75 to 100 F Ambient Range 

75-T; : 15 20 25 30 35 40 45 50 5.5 
Uninsulated Duct ...... 1.63 2.25 2.90 3.50 4.15 4.80 5.45 6.10 6.80 
Insulated Duct ........ 1.50 2.00 2.50 3.05 3.55 4.05 4.60 5.10 5.60 


| 
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.4 T 


ted ducts and insulated ducts with alumi- 
num foil vapor barriers at 75 F ambient air 


temperature 


perature is between 75 and 100F 
the correction factors are based on 
the 75 F temperature rise data. If 
the ambient temperature is be- 
tween 100 and 150 F the correction 
factors are based on the 125 F data. 
To illustrate, assume that in Exam- 

e 1 the ambient temperature is 

F instead of 75 F. The correc- 
tion is based on the 75 F data. The 


85 — 55 
= 15. The ambient rature 


correction factor from Table V is 
1.63. Therefore, the t rature 
rise in the first 10-ft t of 
duct is 1.63 times 0.19 = 0.31 F/ft. 


Utilization of Curves and Tables — 
The data ted in Fig. 3 and 


Tables II, III, IV and V are suffi- 
cient for the determination of the 
rise occurring in most 
applications. The solution of a 

ical problem is presented below 
RA illustrate the combined use of 
velocity and ambient temperature 


correction factors. 
Example 2. A 6-in. diam duct in- 
sulated with 1-in. glass fiber insula- 
tion and covered with a paper vapor 
barrier (emissivity — 0.90) is locat- 
ed in an attic space where the am- 
bient temperature is 140 F. The duct 
is 18 ft long. The air temperature 
at the entrance to the duct is 55 F 
and the air velocity is 1000 fpm. 


| 
q | | 
curves for unin- 
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DUCT AIR TEMPERATURE 


E 


|. AND OUCTS WITH IN AND 2-IN THICKNESS 
68) INSULATION WITH PAPER VAPOR ' 


44 
44 


75 F AMBIENT AIR TEMPERATUR 
UNINSULATED GAL. IRON DUCTS (€=0.25) 


n 
° 


LENGTH, FT 


Fig. 5 Temperature-length curves for unin- 
ted ducts and insulated ducts with paper 
vapor barriers at 75 F ambient temperature 


Determine the total temperature 
rise and the exit temperature. 


Solution. The velocity correction fac- 
tor from Table IV is 0.81. From 
Table V the ambient temperature 


ta — ti 
correction factor for a ratio 


125—ti 
135 — 55 
= = 1.14 by interpola- 
125 — 55 
tion is 1.14. From Table III for 800 
fpm velocity and 125 F ambient 
temperature, the temperature rise 
in the first 10-ft segment is 0.16 
F/ft. Applying the correction fac- 
tors and multiplying by 10 ft, the 
temperature rise in the first 10 ft is 


pe: 
(0.81) (1.14) (10) (0.16) = 1.47 or 
1.5 F. The temperature entering 
the 8-ft segment is 56.5 F. The ve- 
locity correction factor is the same, 
0.81. The new ratio must be cal- 
culated to obtain the ambient tem- 


perature correction factor: 
135 — 56.5 


125 — 56.5 
and the ambient tompomatnree cor- 
rection obtained from Table V is by 
interpolation, 1.15. For 800 fpm 
velocity and a 125 F ambient tem- 
perature, the rise in the last seg- 
ment is 0.15 F/ft. Applying the 
correction factors and multiplying 
by 8 ft, the temperature rise in the 
last 8 ft of the duct is (0.81) (1.15) 
(8) (0.15) = 1.1 F. e exit tem- 
perature is 56.5 + 1.1 = 57.6 F and 

temperature 


the total rise is 2.6 F. 


-Length Curves — De- 


termination of the temperature rise 
in ducts is more convenient when 


the data are presented in the form 
of temperature-length curves as 


| | 
| 
i 
° 20 40 60 80 100 ©6120) 10 200 
Temperature 


DUCT AIR TEMPERATURE, F 


54 F AMBIENT AIR TEMPERATURE 
UNINSULATED GAL. IRON DUCTS 25) 
AND DUCTS WITH FIN. AND 


INSULATION WITH ALUMINUM 


THICKNESS 
‘OR 


890 FRM 
+ - - + +- 
50 | | Se | | 
© 20 40 60 80 120 140 180 200 
LENGTH, FT 
curves for uninsu- 


Fig.6 Tem 


lated ducts and insulated ducts covered with 
aluminum foil vapor barrier at 125 F ambient 


air temperature 


shown in Figs. 4 7. These 
curves were eae from the 
ture rise data ted in 
Fig. 3 and Tables II and III and 
are valid for 800 fpm velocity and 
either 75 or 125F ambient tem- 
perature. Figs. 4 and 5 are for 75 F 
ambient temperature and Figs. 6 
and 7 are for 125F ambient tem- 
ature. Figs. 4 and 6 are for unin- 
sulated ducts and insulated ducts 
with aluminum foil barrier 
(e = 0.05). Figs. 5 and 7 
the data for uninsulated ducts and 
contain data for insulated ducts 
with vapor barrier (« = 0.90). 
The duct diameter, insulation thick- 


ness and exterior surface emissivity 

is indicated for each curve. For 

example, 8-1-.05 indicates an 8-in. 
diam duct with 1-in. insulation and 
an aluminum foil barrier 

(emissivity = 0.05). The emissivity 

of a r vapor barrier is 0.90 and 

the surface emissivity of a galvan- 
ized iron duct is 0.25. The follow- 

ing example, illustrated in Fig. 4, 

how the temperature-length 

curves may be utilized. 

Example 3. Assume that 59 F air en- 
ters an 8-in. diam galvanized iron 
duct which is uninsulated and 30 
ft in length. The ambient air tem- 


ture is 75 F. 
arrows on Fig. 4 indicate the 
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Fig. 7 Temper 


ature-length curves for uninsu- 


lated and insulated ducts covered with paper 
vapor barriers at 125 F ambient air tempera- 
ture 


use of the curves to determine the 
final temperature of air leaving the 
duct. Enter the chart on the ordi- 
nate at 59 F (entering tempera- 
ture). Proceed horizontally to the 
duct specifications curve (8-0-.25 
curve for this example). From the 
intersection with the curve proceed 
downward to the le scale on the 
abscissa (100 ft in this case). id 
the nyse of the duct to the inter- 
sected length (100 + 30 = 130 ft). 
Proceed upward on the 130 ft length 
line and again intersect the 8-0-.25 
curve. From this intersection pro- 
ceed to the left to the ordinate and 
read the leaving temperature (61 F 
in this case). 


Ambient temperature and velocity 
correction factors are not strictl 
applicable to | 


curves, but if the ducts are less 
than 50 ft long the error introduced 
will be small; less than 5% for in- 
sulated ducts and less than 20% fox 
uninsulated ducts. er errors 
occur for smaller ducts and lower 
velocities. Specific examples of the 
variation between the temperature 
rise data obtained by temperature- 
length curves for a than 800 
fpm velocity and 75 to 125 F am- 
bient temperatures are included in 
the following section. 

Adjustments to other than the 
base ambient tures and 
velocity are made in the following 
manner: Obtain the temperature 
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rise from tbe -length 
curve for the given duct len 
as described above. Determine 


velocity correction factor from 


Table IV. Calculate the ratio 
t. — t 
oo =, and obtain the am- 


bient ee correction factor 
from Table V. Multiply the tem- 
perature rise obtained from the 

rature-distance curve by the 
velocity and ambient temperature 
correction factors. The tempera- 


Fig. 8 Surface tempera- 
ture of uninsulated ducts 
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will be sufficiently accurate for all 
but the most precise designs. 

Comparison of Measured and Cal- 
culated Temperature Rise — Table 
VI contains a comparison of the 
measured ture rise with 
the calculated te rise ob- 
tained from both the entering tem- 
perature- rise curves 
and the temperature-length curves. 
The upper of Table VI con- 
tains data obtained during the 1954 
cooling investigation in Research 
Residence 2. The duct system, 
which was located in the basement, 
consisted of extended plenums and 
4-in. diam branch ducts. Only the 
temperature rise in the branch duct 
was considered. The lower part of 
Table VI contains data obtained 
during the 1957 cooling investiga- 
tion in Research Residence 2. 

The duct system consisted of 
a central plenum and individual 
branch ducts to each ceiling dif- 
fuser. The calculated data were 
corrected to the attic ambient tem- 
perature and the velocity in each 
duct. The maximum deviation be- 
tween the measured data and the 
calculated data was 0.73F. The 
average deviation was 0.33 F and 
the deviation was almost the same, 
regardless of which method was 
used in the calculations. 

The maximum deviation be- 
tween the temperature rise calcu- 
lated by the entering temperature- 
temperature rise curves, and calcu- 
lated by the rature-length 
curves was 6.5%. The duct air tem- 
perature measurements were accu- 
rate within +0.3 F so that an error 
of 0.6 F could occur, which is only 
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Fig. 9 Vapor barrier surface temperature of insulated ducts 


slightly less than the maximum 
deviation. Three other possible 
sources of error were: 


1. Duct heat transfer measured was 
not absolutely steady-state. 

2. Basement and attic air tempera- 
tures were not necessarily uni- 
form throughout the spaces. 

8. Mean radiant temperature was 
not necessarily equal to the am- 
bient air temperature 


The basement air temperature 
was relatively constant and the 
compressor had been operatin 
several hours prior to the peri 
of the study so that the heat trans- 
fer to the ducts located in the base- 


ment was approximately steady- 
state. For the attic ducts, the data 
were obtained at 3.00 pm when the 
attic temperature was 120F. The 
maximum attic air temperature, 
123 F, occurred at 1:45 pm so that 
the heat transfer rate was influ- 
enced to some extent by the maxi- 
mum temperature. The average 
surface t ture, which is an 
index of the mean radiant tem- 
perature, was 122 F when the attic 
air temperature was 120F. The 
calculated temperature rise data 
were sufficiently accurate for de- 


sign purposes. 
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Condensation on Duct Surfaces — 
The data presented in the preced- 
ing sections are based upon the 
assumption that condensation does 
not occur on the duct or insulation 
surfaces. This will be true if the 
exposed surface temperature is 
above the dew point of the am- 
bient air. Figs. 8 and 9 show the 
duct surface temperature for unin- 
sulated ducts and vapor barrier 
surface temperature for insulated 
ducts. The surface temperatures 
are independent of duct diameter. 


For uninsulated ducts, the sur- 
face temperature is a function of 
the duct air temperature, ambient 
temperature and duct air velocity. 
The surface temperatures of unin- 
sulated ducts exposed to ambient 
temperature from 75 to 150 F are 
shown in the upper part of Fig. 8 
for a duct air soleil of 800 fpm 
with duct air temperature as a 
parameter. The surface tempera- 
tures range from 56 to 94F. For 
duct air velocities other than 800 
fpm the surface temperature must 
be adjusted by the correction indi- 
cated in the lower part of Fig. 8. 
The surface temperature correction 
varies from 10.6 to —5.7 F, depend- 
ing upon the velocity and ambient 
temperature. 

The vapor barrier surface tem- 
peratures for insulated ducts are 
shown in Fig. 9. The surface tem- 
perature was practically independ- 
ent of duct air temperature and 
velocity within the range investi- 


gated. It was principally depend- 


ent upon ambient temperature, sur- 
face emissivity and insulation thick- 
ness. The surface temperatures are 
shown as a function of ambient 


temperature with bands for each 
vapor barrier emissivity encom- 
passing all variations due to duct 
air temperature and velocity. The 
lower emissivity, in conjunction 
with reducing the temperature rise 
in ducts, causes a lower surface 
temperature. The lower part of the 
bands are for lower duct air tem- 
perature and higher velocities. As 
stated earlier, condensation will 
occur if the exposed surface tem- 
perature is equal to or less than 
the dew point of the ambient air. 
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A Unique Hot-Box Cold-Room Facility 


W. P. BROWN 


A unique guarded hot box has been 
designed and built recently by the 
Division of Building Research of 
the National Research Council to 
be used in conjunction with a large 
cold room (Fig. 1) for the measure- 
ment of the heat transmission co- 
efficients of building sections 4 ft 
wide and 8 ft high. A section to 
be tested is in rated as part 
of a partition which separates the 
cold room into two compartments. 
The smaller compartment, or warm 
room, then is heated electrically to 
maintain any desired constant 
warm side temperature from 65 to 
75 F. The larger compartment is 
refrigerated to maintain the de- 
sired constant cold side tempera- 
ture from 40 to —60 F. 

The guarded hot box (Figs. 2 
and 3) is positioned against the 
warm side of the building section 
and is heated electrically to main- 
tain a constant temperature. The 


Denver, Colo, June 26-28, 1961. 


K. R. SOLVASON 
Member ASHRAE 


A. G. WILSON 
Member ASHRAE 


heat transmission coefficient is cal- 
culated from the measured electri- 
cal input and the t ratures. 

e guarded hot box is similar 
in design to the warm box of the 
large-scale wall heat-flow measur- 
ing apparatus described in a pre- 
vious paper.’ The design over- 
comes some of the limitations of 
other methods of determining heat 
transmission coefficients. 

The test area of the box is 
large enough to meter the heat 
flow into the whole of esenta- 
tive sections of building walls. 
Also building sections much wider 
than 4 ft can be installed in the 
cold room partition and heat flows 
measured at different positions. In 
this way the effect upon heat trans- 
mission coefficients of non-uniformi- 
ties in construction can be studied. 

Building sections tested are 
exposed on both sides to condi- 
tions closely simulating those used 
for design calculations. The sec- 
tion is exposed to controlled tem- 
perature surroundings as well as 
to air at controlled temperature. 
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Air motion on the cold side is 
rapid and the outside surface con- 
ductance is realistic. The box is 
large enough so that the surface 
conductance at the warm side of 
the test wall under natural convec- 
tion conditions approaches that 
occurring in practice. 

The apparatus has been used 
successfully for the measurement 
of heat transmission coefficients of 
several metal skinned curtain walls. 
Additional tests on uniformly con- 
structed walls were made to assess 
the performance of the a tus. 
Studies were made of inside 
surface conductance and of errors 
due to heat leaka ee oan the 
box walls and at edges. The 
apparatus and its ration now 
are described, together with re- 
sults of the tests. 
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in the cold room is ied by a 
diffuser containing evaporator 
of the refrigeration system, past 
which air is circulated by a blower. 
The air is discharged 
near the ceiling through the supp y 
grille. The grille has vertical a 
a, vanes which distribute the 
room. The air 


in the 
frost of the usr nar e floor. 
In operating the cold room 
under given the refrig- 
eration system is run continuous 
to provide an almost constant cool- 
ing effect, which is in excess of 
that required. Temperature control 
is achieved by reheating the air by 
electric heaters after it passes the 
evaporator. resistance-element- 
recorder and a three-action 
(proportional + reset + rate) con- 
troller regulate the amount of re- 


heat. The air temperature varia- 


Description of cold room—Cooling 


Fig.1 Plan view 
of cold room 
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tion at any point in the cold room 
is less than +0.1 F. Floor-to-ceil- 
ing temperature gradients are less 
than 0.5F. Air temperature can 
be controlled anywhere from —60 
to 40 F on the cold side of a test 


wall. 

For guarded hot box tests the 
warm room is heated by electric 
gravity baseboard convectors lo- 
cated along the wall opposite the 
test partition. The input voltage 
to the convector is regulated by a 
temperature controller. At the 
thermostat, air temperatures are 
controlled to +0.25F. Air tem- 
perature gradients depend upon 
air circulation. 


Description of guarded hot box 
apparatus — This atus is a 
large box mounted on wheels which 
can be rolled against the warm 
side of a test wall installed in the 
cold room ition. The measur- 
ing area of the box is 4 ft wide and 
8 ft high. The depth of the box 
is 3 ft. 

The inside of the box is lined 


Fig. 2 View of 


with aluminum panels Fig 4). 
The panels, which were deve’ 

for radiant heating and ing 
applications, consist of aluminum 
extrusions with holders for copper 
tubing, through which water is 
circulated. A similar set of panels 
are installed outside of the inner 
panels and are separated from 
them by thermal insulation. When 
the outer panel is maintained at 
the same temperature as the inner 
panel, a guard is formed which 
prevents heat transfer across the 
walls of the box. The outside of 


the 1 is insulated and 
shea’ with pl The con- 
tact edge of the is % in.-wide 


and is formed by wood blocking 
between the inner panel and an 
extension of the guard panel. 
A water reservoir, 

pump motor for circulating water 
through the tubes of the inner 
panel are located inside the box. 
The pump is belt-driven by a 
series-wound dc motor. The energy 
input to the motor can be varied 
from 25 watt (85 Btu/hr) to 350 


hot 


box in front of cold room 


. 
a 
3 
| 
‘i 
4 
{ 


(1200 Btu/hr) by ting 
voltage to the motor 

volt. The electrical input to 
pump is normally sufficient to 
of the wall transmis- 


we 


A second reservoir and pump, 
located outside the box in the warm 
room, supply liquid (2/3 ue + 
1/3 water) to the -_— panel. The 
liquid is continuously cooled by 
circulating part of it through a so 
tion of tubin; 
the ceiling of the coll dda. Ab side. A hand 
valve ates the flow of liquid 
through the tubing. The reservoir 
contains an electric heater to con- 
trol the temperature of the liquid. 


Instrumentation and control — The 
control system for the — hot 
box is shown in block in Fig. 
3. The dc input to the inner panel 


pump motor and heaters is sup- 
by a 500-watt (100 volt and 
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The controller produces an output 
15 signal of 0 to 5 milliamp and by ° 
manual switching all or of the 
is of ied control 
amplifier 
approximately 15-to 100 volt or 15 
to 70 volt. This, together with re- 
sistance heaters which can be con- 
nected in series with the pune 
motor, permits regulation of the 
maximum current to 5 amp and 
power regulation from 25 to 500 
watt or 25 to 350 watt. 

The recorder has a 10F span 
(65 to 75F) and a sensitivity of 
0.01 F or better. Operating records 
have shown that the inner panel 
temperature is controlled to within 
0.01 F of set value. 

The input voltage and current 
to the inner panel are measured 
by a millivolt recorder connected 
across appropriate resistors. The 


Fig. 3 Schematic cross sec- 
tion of apparatus 
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maximum recorder error, with cali- 
bration, is limited to less than 
+0.25 cent of scale span so 
that by sizing the resistors to give 
larger than half-scale deflection 
this error is always less than 0.5 
per cent. 

A filter network on the output 
of the magnetic amplifier limits 
ripple voltage to less 0.75 volt. 
It can be shown that the error due 
to the ac component is negligible 
for all power inputs. The total 
error in power measurement is less 
than 1.0 per cent. 

A servo voltage multiplier is 
being procured so that input power 
can bytes directly. This will 


Fig. 4 Details of 
hot box walls and edge 


improve the accuracy of measure- 
ment and will facilitate the deter- 
mination of <-> power input. 

A differential thermocouple 
signal is amplified and used to 
actuate a three-action controller to 
control guard el temperature. 
The controller an elec- 
tric heater. Heating can be s 
plied continuously on, 
off or pulsed on-off by the con- 
troller. The sensitivity of the 
arrangement is 
such that guard panel liquid tem- 
perature is controlled to within 
+ 0.05 F or less of inner panel liq- 
uid temperature at the respective 
panel headers. 

The rates of circulation are 
such that the temperature dr 
through the two panels are wy 
small, less than 0.1 F. Also, the 

el to water temperature dif- 

rence and the temperature varia- 
tion over the 1 surface is less 
than 0.1F. It is unlikely, there- 
fore, that the average temperature 
difference between the inner and 
guard panels exceeds 0.05 F. 

Temperature measurements 
are made with 30-gauge copper- 
constantan thermocouples and an 
electronic self-balancing tempera- 
ture indicator. With calibration of 
the apparatus, temperature differ- 
ence measurements are accurate to 
+0.2F. This corresponds to an 
error of + 0.67 per cent at an over- 
all temperature difference of 30 F. 


Heat leakage — There are two 
sources of Theat leakage in the 
guarded hot box. Panel heat leak- 
age, leakage of heat between the 


guard and inner panels, is caused: 
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temperature differences between 

two . Edge heat leakage 
is lateral heat flow at the junction 
of the hot box edge construction 
and test wall which results in an 
error in metered heat into the test 
area. 


Panel heat leakage—The insulation 
between the inner and guard pan- 
els ove a calculated thermal 
conductance of 0.18 Btu/hr/sq ft/ 
(F temperature difference) or a 
total heat flow of 19 Btu/hr/(F 
temperature difference). Tests were 
carried out on a wall of uniform 
thermal conductance to determine 
the actual panel heat leakage for 
a number of guard panel/inner 
panel temperature differences. The 
results are shown on Fig. 5. The 
variation in thermal conductance 
of 6 per cent per F ature 
difference for the test wall denotes 
a panel heat leakage of 22 Btu/hr/ 
(F temperature difference). With 
the panel atures balanced 
to +0.05F the actual panel heat 
leakage is +1.1 Btu/hr as com- 
pared with the estimated heat leak- 
age of + 0.9 Btu/hr. 


Edge heat leakage—The partition 
ork in the cold room is 
constructed to accommodate test 
walls 8 ft high with an allowance 
of 1 in. for clearance at the top 
and the bottom. Movable vertical 
ts can be itioned for various 
test wall widths. 

It is possible to install walls 
from 4 to 12 ft in width. Which 
width is erable depends u 
the characteristics of 
test wall and upon practical con- 
siderations of wall fabrication. 
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With walls having modules other 
than 12, 16 or 24 in. for example, 
it may be desirable to have a test 
wall wider than 4 ft and to make 
tests at more than one ition, in 
order to determine the effect of 
joints or other discontinuities on 
the thermal coefficients. 

Fig. 6 shows the two edge ar- 
rangements that have been used 
for guarded hot box tests to date. 
Arrangement A is used at the top 
and bottom of all test walls and at 
the sides of test walls which are 
4 ft wide. The test wall is sepa- 
rated from the surrounding parti- 
tion by a 1-in. thickness of rigid 
insulation. The wall is held in 
place in the partition by compres- 
sion. All possible sources of mass 
transfer into or out of the box are 
sealed with either caulking com- 
pound or tape. Arrangement B is 
used at the vertical edges of walls 
wider than 4 ft. Strips of rigid in- 
sulation 1 in. thick are caulked and 
taped in place vertically on the 
test wall. In both arrangements 
the contact edge of the box is 


Fig. 5 Variation of meas- 
ured thermal conductance 
with inner panel-guard panel 
temperature difference 
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clam against the trudin 
sealed to the edge of the insulation 
with tape. 

Whichever edge arrangement 
is used, the edge heat leakage 
error is a function of the average 
air temperature difference across 
the edge. In Fig. 7 measured 
thermal conductance is plotted 
against warm room air/guarded 
hot box air temperature difference 
for several test walls. The box air 
temperature is the average air tem- 
perature 3 in. from the test wall 
surface and the warm room air 
temperature is the average air tem- 

rature surrounding the guarded 
ot box edge, measured with ther- 
mocouples. 

There is a vertical air tem- 
perature gradient in the hot box 
dependent on the heat flow through 
the test wall. For walls of thermal 
conductance about 0.15 Btu/hr/sq 
ft/(F temperature difference), the 


air temperature at the edge is 
about 2.5 F higher than that at the 
bottom edge, with a warm side/ 
cold side temperature difference of 
70 F. The air temperature gradi- 
ent in the warm room around the 
edge of the guarded hot box is 
similar to that in the hot box. 

This is achieved despite the 
confining effect of the hot box edge 
construction by providing gentle 
forced circulation with a propellor 
fan, which is directed to supple- 
ment the natural air motion in the 
warm room induced by the base- 
board convector on the wall oppo- 
site the test specimen. 


_ All the test walls show a 
marked variation of measured 
thermal conductance with air tem- 

rature difference between hot 

x and warm room. The degree 
of variation depends on test wall 
construction and on the type of 
edge arrangement that is used. 
Walls 1 and 2 of Fig. 7 are almost 


Fig. 6 Typical guarded hot box- 
test wall edge contact arrangements 
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identical curtain walls. Wall 1 was 
4 ft wide and edge arrangement A 
was used at the vertical edges. 
Wall 2 was 8 ft wide and edge 
arrangement B was used at the 
vertical edges. The metal skin - 
vided a highly conductive t 
transfer path across edge arrange- 
ment B. Consequently, the lateral 
heat transfer or edge heat leakage 
across edge arrangement B was 

ter than the lateral heat trans- 
er across edge arrangement A for 
a given air temperature difference. 

Wall 3 of Fig. 7 is an 8&- by 
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8-ft test wall of uniform thermal 
conductance. At position 1, edge 
arrangement A was used at one 
vertical edge and edge arrange- 
ment B at the other. At position 
2, edge arrangement B was used 
at both vertical edges. The edge 
heat leakage at ition 2 was 
greater than the edge heat leakage 
at position 1 for the same air tem- 

rature difference, since the re- 
sistance to lateral heat flow through 
the plywood surface in edge ar- 
rangement B was less than through 
the perimeter insulation in edge 


Fig. 7 Variation of measured 
thermal conductance with room 
air-box air temperature difference 
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arrangement A. 

With the warm room air tem- 
perature substantially higher than 
the box air temperature, the edge 
heat leakage results in a decrease 
in metered heat flow into the test 
area and vice versa. It would be 
desirable if there were no lateral 
heat flow at the edges of the test 
section with hot box and warm 
room at the same temperature. The 
surface temperature pattern at the 
edge would then be unaffected by 
the presence of the box and con- 
ditions would be ideal for measur- 
ing a correct value of thermal con- 
ductance. 

Fig. 8 shows surface tempera- 
tures measured at the vertical edges 
of wall 3 with different warm room 
air temperatures for both edge ar- 
rangements A and B. At small 
values of hot box/warm room air 
temperature difference (up to 5 F) 


Fig. 8 Edge surface tem- 
peratures 
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the surface tem 5 in. from 
the edge was unaffected by the 
edge heat exchange. The distortion 
of the surface temperature pattern 
from this point to the edge at 
equal warm room and hot box 
temperatures was quite small, ex- 
cept at the junction of the speci- 
men and perimeter insulation; edge 
heat leakage resulted in an increase 
in heat flow at the inner surface 
in both edge arrangements. Similar 
measurements indicated a com- 
parable increase in heat flow at the 
top edge and perhaps a small de- 
crease in heat flow at the bottom 
edge with equal average warm 
room and hot box air temperatures. 

To assess the error due to edge 
heat leakage a relaxation calcula- 
tion* was carried out for a homo- 
geneous wall with edge arrange- 
ment A. The section studied is 
shown in Fig. 9 along with the 
temperature distribution obtained. 
The calculation has been made for 
equal air temperature in warm 
room and hot ae and equal sur- 
face conductances. This latter as- 
sumption can be shown to be rea- 
sonably valid for the air and sur- 
face temperature conditions shown 
for edge arrangement B in Fig. 8 
and therefore also for edge ar- 
rangement A. It has also been 
assumed that the surface of the 
edge insulation in contact with the 
hot box is at hot box temperature. 

There is distortion of the iso- 
therms at the edge of the specimen 
primarily as a result of two factors. 
First, the temperature gradient in 
the adjacent construction is differ- 
ent from that in the specimen as a 
result of the greater thickness and 
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thermal resistance of the former. 
Consequently, all points through 
the depth of the i tend to 
be at a slightly higher temperature 
at the edge than at similar loca- 
tions removed from the edge with 
a resulting tendency for lateral 
heat flow into the test section. 
Counteracting this is the effect of 
the ion of the edge insula- 
tion on the warm side which tends 
to lower temperatures at the ad- 
jacent inner surface of the speci- 
men. The net effect is a small in- 
crease in metered heat flow from 
= hot box into the test area of 
heat flow at the 
e of imen for arrange- 
= A, as omuhiol from 
assumed inside surface conduct- 
ance and the calculated surface 
tures in Fig. 9 represents 
0.3 per cent of the total heat flow 
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box into the edge insulation is 2.7 
per cent of the total heat flow into 
the test area. The calculation thus 
indicates that with the hot box 
and the warm room air tempera- 
tures balanced, the error in meas- 
ured thermal conductance due to 
edge heat ras is +3 per cent. 
This is confirmed by the calculated 
value of thermal conductance for 
the test wall, based on measured 
values of conductivity for the insu- 
lation and published values of 
thermal uctance for plywood, 
which is 3 to 4 per cent lower than 
the value obtained in the guarded 
hot box. 

No relaxation calculation has 
been made of the edge heat leak- 
“ge error for edge arrangement B. 

e isotherm pattern, which can 
be visualized by reference to that 


Fig. 9 Temperature distribution at edge arrangement A 
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for arrangement A in Fig. 9, will 
be affected only by the 1-in. square 
strip of edge insulation and will 
be symmetrical about it. The dis- 
tortion of the isotherms at the 
inner surface of the — ad- 
jacent to the edge will be similar 
to that in Fig. 9 but slightly more 
pronounced, since there will not be 
the counteracting effect of the 
thicker edge construction. Thus, 
for thin walls at least, the error due 
to edge heat leakage with warm 
room and hot box air temperatures 
balanced is likely to be slightly 
greater. This is by the 
results in Fig. 7, which for wall 3 
shows slightly higher values of 
thermal at balance 
with arrangement B at both verti- 
cal edges. 

e error due to edge heat 
leakage can be minimized by re- 
ducing the projection of the edge 
insulation from the inner surface 
of the test specimen. Ideally, this 
should approximate the inside sur- 
face conductance »f the specimen, 
which would be achieved with 
about % -in. thickness. The project- 
ing insulation acts as a gasket to 
overcome irregularities in the 
planeness of the wall imen. 
The 1-in. projection was chosen to 
facilitate sealing of the box with 
tape. Alternative methods of seal- 
ing the box to the specimen which 

ill permit a smaller projection of 
the edge insulation are being con- 


sid . This is expected to reduce 


errors due to edge heat leakage to 
negligible proportions at equal hot 
box and warm room air tempera- 
tures. Further investigations of 
edge heat leakage are 
relative to the of 


lanned 
ifterent 


surface conductances and air tem- 
atures with various wall con- 
structions and edge arrangements. 
It is thought that the ee 
analog might be adapted for 
that edge heat leakage is equally 
a with the traditional 
guarded hot box.’ 


WARM SURFACE HEAT 
EXCHANGE 


Heat transfer characteristics of wall 
constructions usually are specified or 
compared on the basis of the thermal 
transmittance coefficients or U values, 
which include the surface conduct- 
ances. Since the surface conductance 
is a function of surrounding condi- 
tions, it is nece to use standard 
values. In the ASHRAE GUIDE in- 
side surface conductances are based 
on natural convection, with air and 
surroundin: at the same tempera- 
ture. In the traditional guarded hot 
box, forced convection is provided, so 
that the inside surface conductances 
are usually much higher than those 
for natural convection. It is neces- 
sary, therefore, to base the thermal 
conductance of the wall on measured 
surface temperatures and to compute 
the U value, incorporating the stand- 
ard inside surface conductance. 

The inside surface temperature dis- 
tribution and therefore the thermal 
conductance of non-uniform walls is 
affected by the inside surface conduct: 
ance. Thus the thermal conductance 
obtained with forced convection on the 
inside may differ somewhat from that 
for natural convection. Furthermore, 
it is sometimes difficult to establish an 
appropriate average surface-to-sur- 
face temperature difference by direct 
measurement for the determination of 
thermal conductance of non-uniform 
walls because of the variations in sur- 
face temperature. 

It is therefore desirable in heat 
flow measurements to provide surface 
conductances closely approximating 
standard values used for calculating 
U values and to know the surface heat 
exchange characteristics of the a 
paratus precisely, in order to facili- 
tate the determination of thermal 
conductance. 
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The total heat exchange betw: 
test wall surface and the guarded h hot 
box is the sum of the convection ex- 
change between the surface and the 
box air and the radiation exchange 
‘between the surface and the box inner 
panel : surface. 
+ de (1) 
n a grey enclosure, such as the 
o box, the radiation ex- 

ge" is: 


— T,* ) (2) 
For one source ( oes hot box) and 
one sink surface (test wall) and no 
interconnecting A.A, it can be 
shown that : 


(3) 
1 Awfi1 
ew A» ep 
The radiation component can also 
be for the following: 
qr = hy te) (4) 
where 
(T,*— T.*) 
h, = F., e —______- (5) 


(T, — Tw) 
Equation (5) can be approximated by 
the following: 
h,=4F.,¢ (Ts)’ (6) 
For the range of conditions in the 
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guarded hot box tests, the error in 
using equation (6) is less than 0.05 
per cent. 

The heat transfer between the air 
in the hot box and test wall 
surface is by natural convection. The 
convective movements are brought 
about solely by differences of density 
caused by differences of temperature. 
Natural convection can be expressed 


in dimensionless terms by relating 
the Nusselt, Grashof and Prandtl 
numbers as follows’ 

Nu =x (Gr Pr)’ 

h.L 


(=) 
—— 
k 

( B p* gL* (t. — tw) 


The constants x and y are evaluated 
from eanorimnents data. The equa- 
tion can be applied to all tests in the 
guarded hot box provided that the 
geometry of the system remains the 
same and (Gr Pr) lies within the 
range of conditions used in the orig- 
inal evaluation of the constants. 

The bulk temperature of the fluid, 
well away from the surface, is used in 
the determination of the temperature 
difference (t.—tw). The values of 
the physical constants C,, p, k, and # 


Fig. 10 Heat exchange in guarded hot box by natural convection 
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are taken at the arithmetic mean tem- 

rature of surface and bulk fiuid. 

e height of the wall surface is 
taken as the characteristic linear 
dimension, > 

Because the temperature range in 
the guarded hot box tests is small, 
the physical properties of air may be 
regarded as constants. Equation (7) 
can therefore be simplified to: 


h. =x’ (t. — tw)” (8) 
where 
L k 
(9) 


The heat flow rate due to convec- 
tion is: 

Ge = he (ta — tw) (10) 
The total heat flow rate from equa- 
tions (1), (4) and (10) is 


tp — tw ta — ta 
q ( ) +h. ( ) 11) 


Combining h, and h. to form the usual 
surface conductance f, and defining 
an equivalent temperature t:, equation 
(11) becomes: 


qe = fi (ti — tw) (12) 


The equivalent temperature, t:, is the 
temperature of air and panel surface 
which would produce the same total 
heat flow rate as t, and t, and is cal- 
from equations (11) and 


hy tp + he 


For a test on a wall of uniform con- 
ductance where it is possible to meas- 
ure the average surface temperature, 
tw, accurately, qr can be readily cal- 
culated from equation (2), knowing 
the emissivities and interchange fac- 
tor. Since q is accurately measured, 
qe and hence h. can be determined 

rom equations (1) and (10). A num- 

ber of values of h. can be obtained 
from tests at a number of different 
total heat flow rates. The dimen- 
sionless ps from equation (7) 
can then evaluated for each of the 
tests and the constants x and y de- 
termined by correlation. 

The following three series of tests 
were carried out with the guarded hot 


(13) 


box Bo evaluate the convection con- 


stants: 

1. Tests at different total heat flow 
rates on a uniform 4- by 8-ft wall 

inted flat white (e,—=e~ — 0.87) 

2. Tests at different total heat flow 
rates on same wall as above but 
covered with aluminum foil (e,= 
0.87, ew = 0.05) 

8. Tests at different total heat flow 
rates on a uniform 8- by 8-ft wall 
painted flat white (e, — e~ — 0.87) 

The total hemispherical emissivities 

quoted were estimated from the meas- 

ured® total normal emissivities. For 
this purpose the total hemispherical 

emissivity was taken as 0.95 and 1.15 

of the total rormal emissivity for non- 

conductive and conductive surfaces, re- 
spectively’. The over-all interchange 
factors were calculated from equation 

(3). For all tests Aw = 32 sq 

A, = 187 sq ft for series 1 and 2 

‘153 sq ft for series 3. The change in 

box surface area was due to extensive 

modifications carried out between 
series 2 and & tests. Average air and 

surface temperatures were m 

with thermocouples. The temperature 

of the inner panel circulating fluid 

was taken as the average tempera- 
ture of the inner surface of the guard- 
ed hot box. All air — were 

taken from reference 8. 

The test results are shown piotted 
in Fig. 10. Curves from Fishenden 
and Saunders also are given. There 
is substantial disagreement between 
the results for the high and low emis- 
sivity surfaces. For this reason the 
each were sepa- 
rately by the method of least squares. 


For ew = e, — 0.87 


Nu= 0.32 (Gr Pr)*” (14) 
For ew = 0.06, e, = 0.87 
Nu = 0.42 (Gr Pr)*” (15) 


Considering air properties as bei 
constant the equations can be simpli- 
fied to the form of equation (8) as 
follows: 


For = e, 0.87 


h. = 0.29 (t. — tw)*” (16) 
For e« = 0.05, e, = 0.87 
h. = 0.21 (t. — tw)*” (17) 


2 7 

Be 

The analysis indica that convec- ae 
tion to the test wall surfaces may be ay 
‘represented by the following equa- fa 

tions: 


574 


The difference in the rate of ee 
tion heat ae the 
low emissivity surf: 
ined by ~ bmw to the various 
t exchanges taking place in the 
ied hot box, shown in Fig. 11. 
. summation of the heat exchanges 
gives: 


(18) 
hence 
Ge = + & (19) 


Test results show that the panel sur- 
ie to air temperature difference 

pa is quite small. Furthermore, 
bg eq air to wall surface tempera- 
ture difference (t.—t~), the differ- 
ence between (t,— t.) for the high 


and low emissivity wall surface is 
negligible. It can seen from - 
tion (19), therefo--, that the di ~~ 
ence in ion exchange, q-, 


at equal values of (Gr a7 for the high 
and low emissivity wall surfaces is 
due to differences in the motor loss q:.. 
Since the motor loss increases with 
increasing total heat input, q. in- 
creases proportionately. The increased 
radiation exchange to the high emis- 
sivity surface requires a larger total 
heat input. The convection heat rate, 
qe, is therefore larger for the high 
emissivity surface. 

The equation to be used for the cal- 
culation of the convective component 
of the surface conductance therefore 
depends upon test wall emissivity. 
The two eqzations determined here 
correspond to the extremes of surface 
a likely to be encountered in 

ot box tests. 

a convection equations compare 
favorably with the recommended 
equation for turbulent flow on vertical 
free plates (curve A Fig. 10). This 
is expected since turbulence is known 
. to set in at (Gr Pr) about 10° althou 
at values of 10° to 10” it is still fully 
developed only at the upper parts of 
the surface. It is thought that the 
over-all effect of the boundaries is to 
reduce the convection heat transfer 
below that expected on a free plate of 
the same dimensions. This is offset, 
however, by the presence of the pump 
motor, which increases the convection 
oan transfer by increasing circula- 

on. 

Equations S), (16) and (17) are 
used in calculating surface conduct- 
ances for guarded hot box tests. 
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Where the wall surface emissivity 
falls between values for which the 
convection equations are valid, the 
surface can usually be painted to 
provide an emissivity approximately 
equal to 0.87. These equations can 
also be used to determine an average 
surface temperature for non-uniform 
walls from which a wall thermal con- 


ductance can be calculated. Rear- 
ranging equation (11) gives 
h, tp + ta — qe 
= (20) 
h. + h. 


from which tw can be obtained by 
trial and error. 

The surface conductances provided 
in the hot box tests compare favor- 
yr A with those recommended by the 

RAE GUIDE’ for purposes of 
computation. For a surface of emis- 
sivity 0.90 and temperature 70 F fac- 
ing surroundings having an emissivity 
of 0.90 and at the same temperature 
as the ambient air, the GUIDE recom- 
mends a combined surface conduct- 
ance of 1.46 based on a surface-air 
temperature difference of 10 F. For 
the same conditions the surface con- 
oaevaes with the guarded hot box is 


Fig. 11 Heat exchange in 
guarded hot box 
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COLD SURFACE HEAT 
EXCHANGE 


Forced convection is provided in the 
cold room by air movement induced 
by the diffuser fans. Each fan motor 
has three speed settings and the total 
air discharge rate can be varied from 
2800 to 11,400 cfm in six steps. The 
discharge rate decreases slightly with 
frost build-up on the evaporator coils. 
Tests on smooth-surface uniform 
walls with emissivity equal to 0.9 
have shown that outside surface con- 
ductance, f., varies between 3-and 4 
with the main diffuser fan operating 
at high speed. 

The variation in surface conduct- 
ance with heat flow, temperature level 
and wall emissivity is rather 1 
since the heat transfer is mainly by 
forced convection. Calculations for a 
typical wall show that the radiant 
component of the surface heat ex- 
change may vary from 0.4 to 0.75 for 
a wall of 0.9 emissivity and from 0.1 
to 0.2 for a wall of 0.25 emissivity as 
the cold room temperature varies from 
—60 to 40 F. 


CONCLUSION 


It has been shown that heat flow 
through any 4- by 8-ft section of 
test walls up to 12 ft in length can 
be metered reliably with the 
guarded hot-box cold-room ar- 
rangement described in this paper. 
The total error in determination of 
thermal transmittance coefficients 
depends upon test conditions and 
on wall thermal conductance. For 
a wall of U value 0.1 Btu/hr/sq ft/ 


F at a temperature difference of 
30 F the total of el heat leak- 
age, control and measurement 


errors, if additive, is + 2.8 cent. 
The edge heat leakage error de- 
pends upon wall construction and 
edge arrangement. For thin wall 
sections with the edge configura- 
tion used to date it is about +3 
per cent. 

The error in measured thermal 


transmittance coefficient for such 
walls is therefore between + 0.2 
per cent and + 5.8 per cent. Alter- 
native methods of sealing the box 
to the wall specimen which will 
largely eliminate edge heat leak- 
age error are being considered. 
e total percentage error will de- 
crease as the temperature difference 
between hot box and cold room. 
increases or as the thermal con- 
ductance of the wall increases. 

The error in measuring ther- 
mal conductance depends on the 
reliability with which an appro- 
priate average surface temperature 
can measured or estimated. 
Operation indicates that heat trans- 
mission coefficients can be repro- 
duced within 1.0 per cent. 

The temperature of the inside 
surface of hot box is under 
direct control. This makes it pos- 
sible to operate the box under con- 
ditions of natural convection with- 
out excessive vertical air tempera- 
ture gradients and to exercise some 
control over the relationship be- 
tween box surface and air tem- 

ature. With energy supplied 
ar to the p ww the air 
temperature been generally 
within % F of the box surface tem- 
perature in tests on typical walls. 

Relationships describing the 
radiant and convective components 
of the inside surface conductance, 
applicable to most walls, have 
been determined for the box. These 
relationships can also be used to 
determine an average inside sur- 
face temperature for non-uniform 
walls from which a wall thermal 
conductance can be calculated. 
The inside surface conductances 
provided by the box are similar to 


4 
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= 
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those that occur wn under 
natural convection conditions. Real- 
istic outside surface conductances 
can be provided in the cold room. 
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NOMENCLATURE 


A= area of a surface, sq 
inside surface of. aed 
hot box 
Ax, surface of test wall 
C= thermal conductance, Btu per 
(hr) (sq ft) (F temp diff) 
epesifia heat of air at con- 
pressure, Btu per (lb) 


e = total’ hemispherical emissiv- 
ity of a surface, dimension- 
less e,, inside surface of 
guarded hot box 
ew, surface of test wall 

f=combined surface film con- 
ductance, Btu _ (hr) (sq 
ft) (F temp diff) 

f;, warm surface; f., cold 
surface 

F.,»= over-all interchange factor 
a radiation from test wall 
to rded hot box, dimen- 
sionless 

g = local acceleration of gravity, 
ft per (sec’) 

Gr = Grashof number, £ g p’ L’ 
(t. — t~)/s’, dimensionless 
h= surface conductance, Btu per 
(hr) (sq ft) (F temp diff) 
h., convection; h,, radiation 
k= (hr) (oa or air, 
per sq ft r 
ft of Chicken 


K = thermal conductivity, Btu per 
(hr) (sq ft) (F per in. of 
thickness) 

L=characteristic linear dimen- 
sion for convection, ft 

Nu= Nusselt number, h. L/k, di- 


mensionless 
Pr= Prandtl number, #C,/k, di- 
mensionless 
q= pas ted rate, Btu per (hr) 
sq 


4, convection heat exchange 
-between box air and test 
wall surface 


q'-, convection heat exchange 
between box inner panel 
surface and box air 


qu, convection heat exchange 
between box motor and 
box air 

qr, radiation heat exchange 
between box inner pane 
surface and test wall sur- 
face 

qt, total heat exchange be- 
tween box and test wall, 
also equal to total heat 
input to box 

T= absolute temperature, R 

(deg) 

T., average air temperature 
in guarded hot box 

T,, average temperature of 
inner el surface of 
guarded hot box 

Tw, average temperature of 
test wall surface 

Tm,mean temperature be- 
tween inner el surface 
and test wall surface 


t= temperature, F (deg) 

t., average air temperature 
in guarded hot box 

ti, temperature equivalent to 
and t. 

te, air temperature 
in col 
average temperature of 

guarded hot box 


tw,average temperature of 
test wall surface 
U=thermal transmittance, Btu 
= (hr) (sq ft) (F temp 
iff) 


x’, y = constants 
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Greek Letters 

= coefficient of thermal 
sion of air, 1/T, per R 

¢ = Stefan-Boltzmann constant 
0.1712 X 10° Btu per (hr) 
(sq ft) (R)* 

#= dynamic viscosity of air, Ib 
per (hr) (ft) 

p = mass density of air, slugs per 
(ft)’ 


BIBLIOGRAPHY 


1 Large-Scale Wall Heat-Flow Measuring Ap- 
paratus, K. R. Solvason. (ASHRAE Transac- 
tions, Vol. 65, 1959, p. 541-550). 


? Relaxation Methods, D. Allan. (McGraw-Hill, 
New York, 1954). 

3 Method of Test for Therma! Conductance and 
Transmittance of Sag 2 Sections by Means of 
the Guarded Hot . ASTM Designation C236- 


* Heat Transmission, W. H. McAdams. (Me- 
Graw-Hill, New York, 1954, p. 72). 

‘Heat Transfer, . Fishenden and O. A. 
1960, p. 8 University Press, London, 
Dp 
of Test for Norma! Total Emittance 
of Surfaces of Materials 0.01 in. or less in 
Thickness at Approximately Room Yemporatuve, 

ASTM Designation C445-59T. 

' Measurement of Angular Emissivity, A. 
Umur, G. V. Parmelee and L. F. Schutrum 
(ASHAE Transactions, Vol. 61, 1955, p. a. 
® Tables of Thermal Properties’ of Gases (N: 
tional Bureau of Standards, Circular 564, 1955). 
* ASHRAE GUIDE, 1960, p. 108. 


547 
- ie 
ue 
4 
x 


No. 1765 


Integrated Load Technique 
for Estimating Annual Energy Use 
of Central Air Conditioning Plants 


A. EUGENE CONGRESS 


Air conditioning service of the re- 
quired integrity at the lowest total 
annual cost — that is our objective. 
However, when various choices 
are possible, it is sometimes diffi- 
cult to decide which system design, 


granting equally acceptable integ- 
oy. will result in the lowest total 


annual cost. This describes 
how such a sl was ap- 
proached and the results obtained. 

The project involved selection 
of the refrigeration plant to air con- 
dition a 5-million-dollar addition to 
a large naval hospital. The initial 
capacity required was 900 ton with 


— for future expansion to 
ton. 
Preliminary studies revealed a 


sizable capital investment would 
be required to “ogreny electrical 
power capacity an all-electric 


A. Congress is Head, Air Conditioning 
Section Generation 


refrigeration plant. Steam of suffi- 
cient capacity to supply the air 
conditioning was available year- 
round from the existing central 
heating plant. Building layout made 
it possible for steam to be brought 
into the refrigeration building 
merely by punching a hole in a 
wall of the adjacent heating plant. 
Since the ultimate plant will con- 
tain multiple units no stand-by ca- 
ity was considered necessary. 
different schemes 
evaluated: 
Scheme A: 900-ton hermetic 
centrifugal compressor; elec- 
tric motor drive; electric auxil- 
iaries. 
Scheme B: 125 psi steam to 
turbines driving the chilled 
water and condenser circulat- 
ing water pumps; turbines ex- 
hausting at 12 ag 900-ton 
absorption machine; electric 
motors drive cooling tower 
fans. 


ment avy. was 
for presentation at the ASHRAE 68th Annual 
Meeting, Denver, Colo., June 26-28, 1961. 
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Scheme C: 900-ton centrifugal 
compressor, 125-psi steam tur- 
bine driver exhausting to 2.5 
in. Hg condenser pressure; 
electric auxiliaries. 
Scheme D: 900-ton lithium 
bromide absorption machine 
(12 psi steam); electric auxil- 
Scheme E: Split cycles: 125- 
psi steam turbine driving a 
300-ton cenirifugal compres- 
sor; turbine exhausting at 12 
psi to a 600-ton absorption ma- 
chine; electric auxiliaries. 
Two aspects of the problem 
required special study: (1) determi- 
nation of the initial capital invest- 
ment and (2) estimating the annual 
operating cost. Estimates of pro- 
curement and installation costs 
were not difficult to obtain. But 
the comparative estimates of oper- 
ating costs—especially energy costs 
— presented a more difficult prob- 
lem. Preliminary estimates had 
been based on a simple rule-of- 
thumb solution. It assumed equiva- 
lent full-load operating hours for 
the machine and total 
tion for the auxiliaries. 
It wil seen that this 
is not sufficientl 
The major thet in evaluating 
relative annual operating costs is 
the energy charge, excluding for 
the moment the annual cost to 
amortize the capital investment. 
But how is energy to be charged? 


DETERMINATION OF UNIT 
ENERGY COST 
In deciding whether to purchase 
extra power or add equipment to 
generate power in a Navy-owned 


determines the in- 


plant, the N 
ifferential cost — the 


cremental or 


-cost of each of the alternative 


schemes over and above the cost 
of existing level of aoe Costs 
of an ee t, if they do not 
vary with alternative consid- 
ered, are not charged since — 
would have to be 

the board and would have no ‘effect 
on the outcome. En incre- 
ments of steam and electricity will 
be considered in this study. 
Steam—The principal incremental 
element of steam, as an energy 
source, is fuel: Whether a 50,000- 
lb/hr capacity boiler generates 
25,000 Ib/hr or 50,000 Ib/hr,_ the 
difference in cost is determined by 
the amount of fuel consumed for 
the extra steam produced, plus the 
minor charges for additional utili- 
ties used in generation of the extra 
steam. These minor utility costs can 
be discounted when the stepped- 
up level of operations results in a 
compensating increase in boiler 


efficiency. 


Electricity — The incremental unit 
cost of electric energy is the unit 
cost of that power block super- 
imposed on existing consumption, 
and not the average annual kwhr 
cost for the whole customer power- 
consumption complex. For the 
plant under consideration, the cost 
consists of an energy charge in the 
600,000 kwhr-per-month block, and 
a monthly kw demand charge for 
each month of operation. 


ESTIMATING ANNUAL ENERGY 
AND WATER CONSUMPTION 
Steps for determining the quantity 
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of energy, the kwhr or Ib of steam 
consumed during an air-condition- 
ing season, and makeup water for 
the cooling tower: 


STEP 1: Determination of Climatic 
Data and Operation at Various Per- 
centage Loads — The Weather Bu- 
reau of the United States Depart- 
ment of Commerce has compiled 
5-year summaries of hourly obser- 
vations of weather for each of 114 
U. S. airway stations.* The number 
of hourly observations is indicated 
by 5-deg intervals for each month. 
Table I was compiled from such 
data for the Washington, D.C., 
area. It shows the average number 
of hours of dry-bulb temperatures 
for the air-conditioning months 
April-October in 5-deg intervals 
ranging from 60 to 104F and the 
total number of hours in each of 8 
temperature ranges. 

Fig. lisa cal presenta- 

of the vith the 
curve drawn through the mean of 
each temperature range. To the 
ordinate is added a percentage 


of the U. S. No. 30,” 
from Superintendent of Documents, U. 
Government Printing Office, Washington, D. Px ) 


Table I—Hours of Tem rope 
(Average 
Temperature 
RangeF April May June 
104-100 0.4 
99- 95 7.2 
94- 90 0.8 27.4 
89- 85 2.6 114 65.8 
84 80 13.6 34.2 96.5 
79- 75 26.2 64.6 135.0 
74- 70 42.2 109.0 165.0 
69- 65 69.5 51.0 1365 
64. 60 104.0 155.0 58.8 
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load scale (0 to 100) correlated di- 
rectly to the 60 to 95F plus tem- 

ture r, -bulb tempera 
measurement, is assumed as more 
nearly representative of changes in 
cooling load. The energy consump- 
tion of alternative refrigeration 
schemes then was evaluated using 
this base of hours-temperature and 
percentage load. 


STEP 2: Determination of Power 
Input — This involves the determi- 
nation of power input to the re- 
frigeration machine at the percent- 
age loads corresponding to the 
mean temperature of each | 
temperature range. Power input o 
centrifugal compressors and ab- 

ion machines as a function of 
load is supplied by refrigeration 
equipment manufacturers; water 
rates (Ib/bhp-hr) for steam turbine 
drives are obtained from turbine 
manufacturers. Fig. 2 shows the 
relationship between bhp and wa- 
ter rate to system load for the 970- 
bhp turbine drive used in the anal- 
ysis of Scheme C. 


STEP 3: Construction of Integrated 


ature Occurrence per Month 


ears: 1950-1955) 
Total Per 
Temp. 
July Aug. Sept Oct. Range 
} 32 
15.0 4.6 44 
343 16.0 10.0 16 101 
105.0 64.4 24.8 9.0 283 
159.0 120.0 54.8 16.2 494 
173.0 185.0 105.5 38.0 727 
166.5 223.0 159.5 985 964 
65.4 97.2 147.0 133.0 800 
12.2 2863 1210 159.0 638 
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Load Duration Curves — It is pos- 
sible to estimate the total en 
input for the chiller by multiplying 
the rate of energy input at various 
loads by the ing load 
hours. The energy input to auxil- 
iary drives may be added, the 
amount depending upon the pro- 
posed method of tion of 
units. However, the “Integrated 
Load Duration Curve,” Fig. 3, is 
more illuminating and useful in 
complicated analysis. 

The ordinate represents rate of 
energy input (kw, lb/hr steam, Bg 
fuel oil, cu ft gas or Btu/hr). 
abscissa represents the cumulative 


Fig.1 Tem 
ture and load var- 
iation vs. number 
hours (April-Oc- 
tober) 
\ 
|_ | 


° 200 400 600 800 
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hours of tion at the various 
loads. The area under each step 
(such as ABCD) multiplied by the 
unit value of one sq in. gives the 
en consumption for each par- 
tial load — for, kw X hr = kwhr 
or lb/hr steam X hr = lb steam, 
etc. Therefore, the total energy area 
under the steps multiplied by the 
unit area energy value yields the 
total energy input. The area under 
a smooth curve drawn through the 
midpoint of each riser is equivalent 
to the area under the nie: Energy 
consumed by auxiliary drives may 
be su if of the same 
perimposed A planimeter is 


used to measure the areas. Simi- 


Fig. 2 970 hp— 
7500-rpm con- 
stant speed tur- 
bine. Bhp and 
water rate vs. sys- 
tem load 


wey op f 


PERCENT SYSTEM LOAD 


= 

00 

\ 

— 

& 
| 
30 pe 
| 
200 400 500 600 70% ‘900 1000 

° BRAKE HORSEPOWER 

HOURS WATER RATE BHP -HR 

; 


larly, a load duration curve may be 

to obtain ton-hr refrigera- 
tion, designating the ordinate as 
tons. 


INTEGRATED ENERGY AND 
INCREMENTAL COST 
PROCEDURES 

Application of the integrated ener; 

procedure to 2 of the 5 pare. 
plant alternative designs will be 
presented herein, together with re- 
sults obtained from the analysis of 
all 5 schemes. The data of Table 
II formed the base for the develop- 


ment of calculations involving 
power input. 


Example I: Scheme A (All-Electric) 
Design Conditions: A 970-bhp 
motor drives a 900-ton centrifu- 
gal compressor. Leaving chilled- 
water temperature: 42F. Con- 
denser-water inlet temperature: 
85 F. Fouling factor: 0.001. At 
100 per cent system load the 
chilled-water pump takes 80 ues 
the condenser-water pump, 
bhp. Motors on both pumps are 


Table li—Per Cent Load at Mean 
Temperatures and Hours at Part Load 


Operation 
(Developed from Table | and Fig. !) 
Per Cent Load 
Temp. Correlated to 
RangeF Mean of Temp. Range Hrs 
95+ 100 32 
94-90 92 101 
89-85 78 283 
84.80 64 494 
79-75 50 727 
74-70 35 964 
69-65 22 800 
64-60 7 638 


two-speed — % speed on the 
chilled-water pump at 50 per 
cent, and below, system load; 
2/3 speed on the condenser-wa- 


ter pump at 64 per cent, and 
below, system . Two 20-hp 
motors drive cooling tower fans 


—but one on at 50 per cent load 
and below. 


The annual power consump- 
tion and water requirement were 
calculated in the conventional man- 
ner and are recorded in Appendix 


Fig. 3 Typical load duration curve 
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A. From these data the ievel of 
power input for compressor and 
auxiliaries, and ton refrigeration 
were used to plot the load duration 
curves of Fig. 4. The area under 
the lower full-line curve represents 
annual kwh consumption of the 
compressor motor; the area be- 
tween the two full-line curves rep- 
resents the annual power consump- 
tion of the motor-driven auxiliaries. 
Together these two areas indicate 
the total annual electrical consump- 
tion. The area under the dash-line 
curve represents the annual ton-hr 
refrigeration, which is a constant 


for each of the alternative schemes 
considered. 
From this the following 


information is derived and com- 
pared for accuracy with calculated 
data in Appendix A: 


(1) Total kwhr 

= 15.00 in.’ total area < 100,000 
kwhr/in. 

= 1.50 10° kwhr 
By computation from Appendix 
A: 1,505,113 kwhr 
Accuracy of graphic method: 
99.7 per cent 


Fig. 4 Scheme A load duration curve (all- 


(2) Compressor kwhr | 
= 12.54 in.” X 100,000 kwhr/in.’ 
= 1.254 X 10° kwhr 
By computation: 1,247,475 kwhr 
Accuracy of graphic method: 
99.5 per cent 


ivalent Full-Load Energy 
ours (Chiller) 
12.54 in.? Compr. area 


3.77 in. ordinate 
500 hr/in. 
= 1663 hr 
By computation: 1655 hr 
Accuracy: 99.52 per cent 


(3) 


x 


(4) Refrigeration Ton-Hr 
= 14.26 in? Refrig. area X 
100,000 ton-hr/in. 
= 1.426 X 10° ton-hr 
By computation: 1,425,042 ton-hr 
Accuracy: 99.93 per cent 


(5) Equivalent Full-Load Refrig. 
ours 


1.426 X 10° ton-hr 


cg 900 ton 

= 1584.4 hr 

By computation: 1583 hr 
Accuracy: 99.91 per cent 


electric drive) 
(om DEMAND 
\ compr 54 794 1,254, 000") 
ama TOTAL 15.00 906 1,500,000 
Fe WA 
— 
200 = 
/ REFRIG AREA 
100 
wae 
CUMULATIVE LOAD HOURS 
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(6) Total Btu to Be Removed by chilled-water pump and an 86- 
ditioning load bhp condenser-water pump, both 
+ Compr. motor input : austing at 12 psig to 900-ton 
= (1.426 X 10° ton-hr X12,000 lithium bromide absorption 
Btu/ton-hr) a ie chiller. Steam to turbine is sup- 
1.254 X 1 X 3,41 i ‘ 
tf Jeehr) r plied at 125 psig saturated from 
— 91.392 X 10° Btu water-wall, air-preheater type 
By computation: 21.36 X 10’ Btu _ boilers operating at 78 to 82 per 
Accuracy: 99.85 per cent cent efficiency. Estimated sum- 


(7) Gal Water Loss at Cooling Tower 
a. By Evaporation 
21.392 X 10° (item 6) 


1040 Btu/lb 95 F water vapor X 8.3 Ib/gal 


y comp: 2.4745 X 10° ga mer average efficiency 80 

A : 99.88 

cent. Boilers are fired with F.S. 

i No. 6 fuel oil of 152,200 Btu/gal. 
“> 2.478 X 10° gal (item 7a) There are t 30-hp oh a 
~_ Beoncentration — 1 driven fans on cooling tower. 
= 0.6195 X 10* gal Two types of turbines are con- 
By ie : oy x 10° gal sidered: one (designated on 

: r cen 
Total Makeup — 3.0975 < 10° gal Curves as Type A) is constant 


By compatation: 3.093 X 10° gal speed, direct connected; the other 
Accuracy :99.86 per cent 
(8) Gal Condenser Water Required to Remove Heat 
21.392 X 10° Btu (item 6) 
~~ 10 Btu/Ib cooling tower temp. drop X 8.3 Ib/gal 
= 257.78 X 10° gal 
If condenser water were cir- (designated on curves as Type 
culated full flow at all times wane B) is reduction geared, variable 
compressor operation, the annu speed. Speed ranges 40 to 100 
quantity of water circulated would 
= 4039 hr [(900 ton X 12000 Btu/ton) + (754 kw X 3413 Btz, kwhr)] 


10 Btu/Ib cooling tower — drop X 8.3 lb/gal 
= 650 X 10° gal, or 2.52 times that actually required. 


Example II: Scheme B (Steam Ab- _— per cent for the chilled-water 
sorption) pump, and 64 to 100 per cent for 

Design Conditions: Single-stage the condenser-water pump. Speed 

steam turbines drive an 80-bhp of _ the chilled-water turbine is 
controlled by a differential pres- 
* For determination of formula, see Fig. 151 sure regulator in the coil system, 
in “Betz Handbook of Industrial Water Con- and speed of the condenser- 


ditioning,” 5th Edition, 
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SPEED, DIRECT CONNECTED PUMP ExXHAUST— 
REDUCTION GEAR, VARIABLE SPEED PUMP TURBINES 
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PERCENT LOAD 
Fig. 6 Scheme B. Absorption and turbine heat flow vs. 
load 


system 


water turbine is controlled by 
temperature of leaving condens- 
er water. 

The number of hours of oper- 
ation is the same at the 8 partial 
system loads as in the previous all- 
electric example. 

Fig. 5 shows the dia tic 
and heat balance at full load when 
utilizing high-speed, reduction- 
gear type turbines. The steam suf- 
ers a small thermal drop while 


ing through the turbines. This 
from heat rates developed in Ap- 
— B and C) where the dif- 
erence in heat flow between tur- 
bine inlet and exhaust is the ther- 
mal drop across the turbines. While 
the turbine drop in passing from 
maximum load to minimum load is 
fairly constant for Type A turbines, 
for Type B turbines the drop is so 
small at loads below 40 per cent 


> 
Ad | 
4 
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ABSORPTION REQUIREMENT 
vs. 


e A. CONSTANT SPEED DIRECT-CONNECTED PUMP TURBINES 
\ B. REDUCTION GEAR VARIABLE-SPEED PUMP TURBINES 
$Q.IN= 2 x 108 8%, x 500 HRS.= 10” Btu) 


A. CONSTANT SPEED, 


DIRECT - CONNECTED TURBINES 


\\ 


\ 


ABSORPTION REQUIREMENT 


HEAT CONSUMPTION x 108) 


8 REDUCTION GEAR VARIABLE -S 


PEED 


INPUT 
2 
= 10° Btw 
° 500 1000 1500 2000 2500 3000 3500 40C0 
CUMULATIVE LOAD HOURS 
Fig. 7 Load duration curves for Scheme B 
that it cannot be indicated clearly ship between the rate of heat input 
on the scale of this graph. This required by the absorption unit 
reduction in turbine stems (devel from A D) and 
from the fact that the thermal loss the heat exhausted from the tur- 


across a turbine is inversely pro- 
to its water rate— ib/bhp 
the latter increasing at lower 


loads (see A B). 
Fig. 6 the relation- 


bines. For the most part the heat 
flow per hour from Type A tur- 
bines is too great for the needs of 
—- for Type B, too small. 

The load duration curves of 
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Fig. 7 (plotted from Fig. 6) indi- 
cate what the situation will be on 
an annual basis. The considerable 
excess of Type A exhaust over ab- 
sorption requirement will be un- 
welcome in a plant where it cannot 
be utilized profitably. The condi- 
tion of Type B exhaust is less ob- 
jectionable, since the area of de- 
ficiency between exhaust and ab- 
sorption requirement is made up 
by PRV steam. The area of excess 
steam is so small as to be utilized 
for boiler feedwater heating. 

Note that the area on the graph 
between turbine input and exhaust, 
representing the turbine thermal 
drop, is the amount of energy nec- 
essary to drive the chilled-water 
and condenser-water pumps the 
year round. In the case of the Type 
B geared, variable ts turbine, 
it is so small that if disregarded 
it would be well within estimating 
accuracy. Only where the final 
evaluations of alternative choices 
show a “photo finish” should one 
be concerned with the thermal 
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drop across auxiliary turbine drives. 

The heat balance of Fig. 7, 
recorded in Table III, shows the 
marked superiority of a high speed, 
reduction gear, variable tur- 
bine over the constant s , direct- 
connected turbine. The latter takes 
approximately 31.5 million Ib boiler 
steam more than the reduction- 
gear, variable speed job, and poses 
the problem of what to do with an 
almost equal quantity of surplus 
exhaust. When, as in this case, the 
by-product steam cannot be uti- 
lized profitably, use of the more 
expensive geared turbine is justi- 
fied since the initial extra cost can 
be amortized in a relatively short 
time. Also, the variable speed fea- 
ture permits rendering service in 
accordance with demand, and 


avoids wasteful pumping. 


The following significant infor- 
mation is derived from the data of 
Table III on an annual basis for 
refrigeration Scheme B using the 
reduction-gear Type B turbine: 


(1) Fuel Oil Chargeable to Refrigeration System 
24.58 X 10° Btu (item 11 of Table III) 


~~ 152,200 Btu/gal X 0.80 boiler efficiency 
= 201,873 gal — 4806 bbl 


(2) Equivalent Full-Load Energy Hours (Chiller) 
29.38 X 10° (item 7 of Table III) 


~ 20.8 X 10° Btu (100 per cent absorption heat from Fig. 6) 


= 1418 hr 


(3) Total Heat to Be Removed by Cooling Tower 
= (ton-hr X Btu/ton-hr) + chiller steam-heat drop 
= (1.426 X 10° ton-hr*) (12000 Btu/ton-hr) 
+ 24.10 X 10° Btu (item 10 of Table III) 
= (17.112 + 24.10) 10° 41.212 X 10° Btu 
* (from Example I, item 4) 
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(4) Gal Water Loss at Cooling Tower 


a. By Evaporation 


41.212 X 10° Btu total heat 


% (1036 Btu/Ib for 101 F water) (8.3 Ib/gal) 


= 4.79 X 10* gal 


b. By Blowdown and Drift 
4.79 X 10° gal 


= 


5 concentration — 1 


= 1.20 X 10° 


1 
Total Makeup = (4.79 + 1.20) 10° 
= 5.99 X 10° gal 


(5) Condenser Water Required to Remove Heat 
41.212 X 10° Btu removed by tower 


(16 Btu/lb drop X 8.3 Ib/gal) 


= 310 X 10° gal 


If condenser water were circu- 


lated full-flow at all times during 


supplier or another if its price hap- 
pened to be momentarily high 


absorption operation, the quantity unless supported by price trend 


circulated would 


information. It was therefore 


= 4039 hr X 3490 gpm (from Fig. 5) X 60 


= 846 X 10° gal 


or 2.7 times that actually required. 


DETERMINATION OF 
INCREMENTAL ENERGY COST 
(ANNUAL BASIS) 

As mentioned earlier, in determin- 
ing the cost of operating a new fa- 
cility, the Navy employs the incre- 
mental rate principle — the cost of 
that block of new power over and 
above the existing usage. In the 
competition between producers of 
electricity and other types of energy 
supply, the Navy is neutral. Its 
prime interest is to discharge its 
responsibility to taxpayers by using 
in each application the most eco- 
nomically available energy—all fac- 

tors considered. 

If current unit prices of elec- 
tricity and fuel oil are used, 
criticism might be leveled by one 


thought advisable to see what effect 
the incremental en load would 
have if superim on the then 


existing loads of the past decade. 
What would have been the incre- 
mental annual cost for the years 
1951 through 1960? Fig. 8 shows 
this for the all-electric Scheme A 
and the absorption Scheme B, 
based on a unit incremental 
cost to the government. 

Although the price of oil dur- 
ing that fluctuated more 
than that of electricity (due to the 
Korean War and the Suez crisis), 
the graph shows that the trend in 
energy costs of the two schemes 
moved side by side. If it can be 
assumed that this trend will con- 
tinue in the future, the relative dif- 
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ference in the energy operating 
costs of the 5 schemes, listed in 
Table IV and shown graphically 
in Fig. 9, will also continue. 


CAPITAL VALUE 
OF ANNUAL SAVINGS 
While the comparative annual oper- 
ating costs of Table IV 
annual saving of $5100 for the low- 
est cost scheme when compared 
with the highest, this does not by 
itself justify the installation of the 
lowest operating cost design. The 
installed cost of one scheme may 
be so much less than another that 
the difference in annual amortized 
cost would more than offset the 
savings. An annual savings is equiv- 
alent to an annual annuity and can 
be converted to its corresponding 
equivalent capital investment, 
called present worth. The neces- 
sary factors for performing this cal- 
culation are provided in tables of 


$5,100 < 11.118 = $56,700 
This means that to be itive 
the total installed first cost of the 
turbine-driven centrifugal machine 
would have to be $56,700 less than 
that of equipment of Scheme B. 
And the motor-driven centrifugal, 
to be competitive, would ave to 
be $35,600 less than Scheme B. 


USE OF EQUIVALENT 

FULL-LOAD HOURS 
This study has revealed that results 
are likely to be misleading when 
the same number of equivalent full- 
load hours is applied to estimate 
annual energy consumption of al- 
ternative types of chillers for the 
same refrigeration job. 

Two different concepts are in- 
volved: (1) the output of the plant 
measured in equivalent full-load 
refrigeration hr; and (2) the input 
measured in equivalent full-load 
energy hr. 


(1) Equivalent full-load refrigeration hr 


summation of ton-hr at the various loads 


investment, compound interest and 


e present worth factor at 4 
cent annual compound interest 
(the rate the government pays for 
long-term money today) over a 15- 
year re life is 11.118. (This 
factor will vary, depending upon 
the life of the amortized equipment 
and the interest rate the owner 
must pay for his money.) The pres- 
ent worth calculation then is: 


refrigeration tons at 100 per cent load 


and is a constant for the same re- 
frigeration job regardless of the 
type of chiller equipment and kind 
of energy used. It is the number of 
hours the chiller operates continu- 
ously at 100 per cent load to pro- 
duce the annual refrigeration effect. 

Equivalent full-load energy 
hours, on the other hand, is not 
necessarily a constant for alterna- 
tive chiller equipment considered 
for an installation. 
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(2) Equivalent full-load energy hr 
summation of energy consumed at various loads 


and is the number of hours the 
chiller would operate continuously 
at 100 per cent system power sup- 
ply to equal its annual energy con- 
sumption. 

In the present study equivalent 


full-load refmgeration hr came to. 


1583 hr — constant for all of the 5 
schemes considered. Equivalent 
full-load energy hr, developed from 
duration curves (or computation 


rate of energy input at 100 per cent load 


when feasible), is different for dif- 
ferent chiller equipment as shown 
by Table V. 1 or example, the 
2089 equivalent full-load energy hr 
of Scheme C were used to estimate 
annual energy consumption of the 
other schemes, would not an in- 
justice be done? To take another 
example: if the 1418 hr of the ab- 
sorption chiller (Schemes C and D) 
were applied to the peak compres- 


Fig. 9 Comparative annual electric, oil and water cost 


226 WATER TREATM'T 
22 
20.7 20.3 ON 
8 7.5 
6 
a 
2 
3.8 
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4 bre 
SCHEME 
* To correspond with later revisions to Scheme E of Table IV, the oil portion of the 
Scheme E column should be raised to a level of approximately 16.3 and the top of the 
water portion to 19.0. 
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sor kw demand to estimate annual 
energy consumption of the motor- 
driven centrifugal, the result would 
be low by 17 per cent. 

Also, the equivalent full-load 
energy hours derived by analysis 
for one job may not be interchange- 
able with that on another — even 
using the same type of equipment. 
Examination of Equation (2) shows 
that should the chiller operate at a 
wed or lower system load for a 

ifferent number of hours—causing 
a change in the quantity of energy 
consumption—and thus increase or 
decrease the numerator, the result- 
ing equivalent full-load energy 
hours vould change. Therefore, 
one cannot use equivalent full-load 
energy hours as a short-cut to esti- 
mate annual energy consumption 
unless two conditions are satisfied: 
(a) the chiller is of the same type 
and (b) the conditions of operation 
are identical. 


INCREMENTAL BOILER 
EFFICIENCY 
What is a reasonable and justifiable 
boiler efficiency to use when esti- 
mating fuel required to furnish 


Table V. uivalent Full-Load 
Chiller Energy Hours 


Percent in 
Excess of 
Scheme Hr SchemeB 
A All-Electric 1655 17 
B Steam Turbine- 1418 0 
Driven Pumps Ex- 
haust to Absorption 
C Steam Turbine 2089 47 
Driven Com- 
pressor 


D Straight Absorption 1418 0 
E = Split Cycle 


1887 33 


steam for a steam-actuated refrig- 
eration machine? The boilers in the 
— for which this study was 
made are of the air-preheater wa- 
ter-wall type. Efficiency of opera- 
tion at half load is 78 per cent, and 
at full load, 82 per cent. Adding a 
new summer air conditioning load 
permits operation at higher than 
existing summer loads. What will 
be the efficiency of the added load? 
Consider a boiler generatin 

50,000,000 Btu/hr. The input at 7 

per cent efficiency is 50,000,000 
Btu/hr + 0.78 = 64,100,000 Btu/ 
hr. If the load on this boiler is 
increased to 100,000,000 Btu/hr at 
82 per cent efficiency, the input is 
100,000,000 Btu/hr + 0.82 = 122, 
000,000 Btu/hr. Thus for an output 
increment of 50,000,000 Btu/hr the 
incremental input is (122,000,000— 
64,000,000) 57,900,000 Btu/hr. This 
is equivalent to 50,000,000 Btu/hr 
+ 57,900,000 Btu/hr = 86.4 per 
cent efficiency. We thus realize a 
better efficiency for the added in- 


crement than for the overall opera- 
tion. 

The foregoing incremental re- 
lationship may expressed as 
follows: 

50 50 100 
078° X 082 
where X = 86.4 per cent 
In estimating fuel consump- 


tion for steam-actuated equipment 
in the 900-ton study, an efficiency 
of 80 per cent is used instead of 
the 86.4 per cent indicated above. 
This makes allowance for the small 
extra power consumed by fans and 
pumps required in boiler feed- 
water, fuel and fan-system auxil- 
iaries of boiler operation. 
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ANNUAL FIXED CHARGE OF BOILER PLANT 
Should the annual fixed cost of that portion of an 
existing boiler plant used for steam air conditioning 
be charged to the scheme using steam power? The 
Navy holds that when an existing boiler plant (as in 
the case under consideration) a ample boiler ca- 

pacity and requires no expansion — entailing no sig- 
hificant extra operating cost except fuel to supply 
steam — a chatge for interest, depreciation and in- 
surance on the boiler plant is not justified. The steam 
plant is there, and will be there, regardless of the 
type of refrigeration equipment installed. 


CONCLUSION 
The techniques, procedures and approach described 
herein present a method of evaluating accurately air 
conditioning refrigeration plant designs for purpose 
of equipment selection. In the specific a 
to a Naval 900-ton refrigeration project, capital 
worth of annual savings justified the selection of a 
steam system. The question of maintenance was care- 
fully considered. After weighing all the factors, it 


Appendix B: Scheme B: Pump Turbine Thermal Calculations for Type "B'* 


Nest Heat Drop Heat in 
c m Ra Btu/hr Btu/hr 


80-hp chilled water pump turbine drive 


100 80 47 3,760 4,485,680 57 214,320 4,271,360 
92 62 47.5 2,945 3,513,385 56 164,920 3,348,465 
78 39 525 2,048 2,443,264 5! 104,448 2,338,816 
64 20 él 1,220 1,455,460 44 53,680 1,401,780 
50 10 76.5 765 912,645 35 26,775 885,870 
= 6 90 540 644,220 30 16,200 628,020 
86-hp condenser water turbine drive 

100 86 47 4,042 4,822,106 57 230,394 4,591,712 
72 70 4 3,430 4,091,990 55 188,650 3,903,340 
78 43 55 2,365 2,821,445 9. 115,885 2,705,560 
<4 23 64 1,472 1,756,096 42 61,824 1,694,272 


* Reduction gear, variable speed turbines 
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was held in this specific project that the difference in 
maintenance required for the various schemes was 
negligible. 

However, it is conceded that the selection, which 
was the most economical and logical under the cot- 
ditions surrounding this installation, may not be the 
same for other installations having different governin 
conditions. Much depends upon the factors of avail- 
ability and type of power; the incremental cost of 
fuel to make steam, electricity and water, the steam 
rate of selected turbines; profitable use of by-product 
steam and heat of condensate; applicable taxes, inter- 
est and insurance on capital investment. 

The Navy proceeds upon the assumption that 
every effort should be made to insure the maximum 
return for the taxpayers’ dollars. An economic analysis 
of air-conditioning operating costs as herein described 
is required. The procedures demonstrated should 
prove helpful in guiding contracting engineers to 
provide evaluations in accordance with these criteria: 
Service of the required integrity at the lowest total 


annual cost. 


Annual Heat (Btu) 
Input Drop Exhaust 


(Col § X Col 9) (Col 7 X Col 9) (Col 10 — Col 11) 
10 i 12 


143,541,760 6,858,240 136,683,520 
354,851,885 16,656,920 338,194,965 
689,000,448 29,454,336 659,546,112 
718,997,240 26,517,920 692,479,320 
663,492,915 19,465,425 644,027,490 
1,547,416,440 38,912,400 1,508,504,040 
4,117,300,688 137,865,241 3,979,435,447 
154,307,392 7,372,608 146,934,784 
413,290,990 19,053,650 394,237,340 
798,468,935 32,795,455 765,673,480 
6,362,335,808 223,988,352 6,138,347,456 


7,728,403,125 283,210,065 7,445, 193,060 
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DISCUSSION 


AvutHor Concress: In this paper I estimated 
the annual energy cost. The tabulated in- 
vestment cost is available, however. 


L. Sr. Joun: In order to arrive at your figures, 
is it necessary to have the capital cost also? 


L. St. Joun: This specific type of installation 
fitted a specific job which you had and you 
were only going to use your steam boilers for 

load, I assume, during this summer 


only for Schemes A and B; because of the 
limitation of the paper, more information 
could not be added. 

We have found, in preparing the ac- 
curacy of the values obtained under the graphs 
with the computations, that the graphs are 
99.5% or plus accurate. 

All that one would have to do is 
determine the percentages of system load, 
operating hours corresponding to the per- 
centages of system load; find energy input per 
hour and make two graphs. One is power or 
rate of energy input vs. per cent system loads; 
the second, load duration which shows power 
input vs. accumulated load hours. The areas 
under the latter curves represent annual energy 
consumption. 


Rosert FLANAGAN, West Des Moines, Iowa: 
The problem that we encounter is that we 
can estimate the equivalent full load hours, 
refrigerating hours, that we might anticipate 
for a certain type of structure. It would appear 
that in order to utilize the information you 
have presented, it must be converted back into 
a graph form such as you have presented. Is 
there any way of converting equivalent full 
load refrigeration hours into these two graph 
forms? If so, would this change the equivalent 
full load hour estimate? By changing that, the 
entire machine selection or type of system 
that will be installed might be changed. 


Avutuor Concress: The answer to the second 
question is yes, you may have to change the 
entire evaluation of the system to be installed. 
You cannot determine your equivalent full 
load hours by taking it out of a book. Each 


pletely. I am assuming that some of your 


places must have separate heating loads and 
loads; therefore. 


i 


AvutHor Concnress: If we do not operate a 
boiler plant in the summer, we have to 
evaluate the scheme on the basis of elec- 
tricity. There does not seem 


water at this time. We are also trying to 
evaluate the split cycle, where you use the 
steam turbine to drive a centrifugal com- 
pressor, turbine exhausting to an absorption 
machine. We have been advised by industry 
to use a one-third, two-third split. In this 
case, 300 ton on a turbine driven compressor 
and 600 ton on an absorption. This is 
satisfactory if most of your hours are at 
100% load; it comes out to about 14.4 Ib of 
125 psig steam per ton at 100% load, the 
most efficient point, corresponding to only 32 
the load 


found that at this split there are more hours 
tion. 


annum can be saved. This 
rate of about 13% lb steam per ton 
most efficient point over a longer number of 


Pee 


Lercn St. Jonn, Binghamton, N. Y.: Does specific case, each job bas different equivalent a4 
this paper contain a tabulation of the installa- fall load energy hours. This procedure tells 1 
tion costs in the various schemes? you what they are. As shown by Table V, a 
they differ for each different design. ay 

here on this possible load which is ad- ez 
vantageous towards steam-driven equipment Bat 
oven You have an ectual seam aif 
a break-even point? You have an actual steam “ 
load under summer operation, which must be tH 
AutHor Concress: The capital cost certainly maintained. Have you ever made an analysis te 
must be included. In this study the capital on other types of operations other than those ag 
cost of putting in the turbine driven cen- which require heavy steam loads in the a 
trifugal compressor would have to be $56,700 summer time? “aie 
less than the capital cost of Scheme B to be As 
competitive. Avrnor Concress: In all our Navy installa- 
tions, we have steam. The Naval Shore a he 
Establishment has about 18,000 boilers; about GE 

14,000 operating at one time and we always isthe 
have steam there. Our problem is to determine oO 

whether we should put in a steam-driven job, ap 

time. use the steam we have or in some cases high mak 
boiler plant there, and only a small fraction thinking of applying it to all large central air a 
of it is used during the summer. There would conditioning plants : we 
be no additional cost of operating the plant for P ‘ Sede 
the same personnel are there; the difference L. Sr. Jonn: If it were not economical to oe 
would be in the fuel. This is shown in the senate = boiler plant in the summertime, ae 
appendices. Detail computations are included ‘it would be cheaper to shut it down com- ee 

condition that depends on Ae 

whether it is coal-fired, whether it is auto- Se 
matically gas-fired or oil-fired or something ae 

else. 

alte t t a ture all 

of steam consumption is higher. We also A 

evaluated the effect of another split—200 ton en 

centrifugal and 700 ton absorption. It was AG 

series or dual cycle during the maximum le 

hours of operation. It was found that by aa 

using 200 ton on the centrifugal and 700 on |i 

the absorption about 4 million lb of steam per o at 

. 
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ASHRAE Tx 
y sdvice is to make « other words, on 
cA ine where the maximum ould spend $44, = 
are and then select the ill be competitiv aq ; 
centrifugal end ab- plan to evaluate 
will be in operation to drive the cent 4 | 
; for use in a boi : 
million Ib of steam in a h temperature wat ¥ 
assuming that your steam An alternative sc 
b, there is a $4000 savings and the exhaust . 
capital worth of a $4000 ption. There are 
% interest comes to about combinations. : 
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Joint ASHRAE-ASME Meeting 


November 28-29, 1961 
New York, New York 


A new psychrometric chart, the 
most significant such development 
since the rublication of Dr. Willis 
H. Carrier's Rational Psychrometric 
Formulae in November, 1911, was 
revealed by ASHRAE at a joint 
session between this Society and 
ASME on November 28 in New 
York. “his session, co-sponsored 
by ASHRAE and the Process In- 
dustries Div of ASME, took place 
during the latter society's annual 
meeting. 

The new chart shows the de- 
gree of moist or dry air as deter- 
mined from the properties of tem- 
perature, heat content, moisture 
content and air volume. The chart 
is invaluable to engineers in solv- 
ing the problems requiring the con- 
ditioning of air. 

Presented by ASHRAE Presi- 
dent John Everetts, Jr., the new 
chart is designed to replace the 
previous charts adopted by ASH- 
RAE’s predecessor societies. The 
new psychrometric development is 


basically an enthalpy-humidity 
ratio chart on which factors such 
as dry bulb, wet bulb, dew point 
and volume information are evi- 
dent. 

Evolved by ASHRAE’s Psy- 
chrometric Panel, the chart, repro- 
duced upon an adjacent page, uses 
as a coordinate system enthalpy 
and humidity ratio, thus a mixture 
is on the straight line joining the 
two individual state points. The 
wet bulb lines are straight lines 
and the dry bulb lines are nearly 
straight lines but spreading out 
toward the top of the chart. The 
120 F dry-bulb line is normal to the 
base line. 

Since a normal starting point 
for the solving of problems uses the 
dry bulb and wet bulb, these func- 
tions together with relative humid- 
ity and humidity ratio are shown 
as a complete grid of lines. 

In the interest of keeping the 
chart “clean,” a skeleton grid of 


enthalpy lines has been shown in 
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ASHRAE President John 
Everetts, Jr., presents a scroll 
commemorating the 50th an- 
niversary of Dr. Willis H. 
Carrier’s publication of “Ra- 


the working area of the chart, but 
_——- a working tool, complete 

es of enthalpy are shown at 
both ends of the working space, 
thus making it possible to locate 
the enthalpy accurately for any 
state point by the use of a ruler or 
straight-edge. 

Approximate values of en- 
thalpy can be found by reading the 
enthalpy corresponding to the wet 
bulb at saturation. By adding the 
negative enthalpy deviation for the 


tional Psychrometric Formu- 
lae” to Cloud Wampler, cen- 
ter. At right is William H. 
Byrne, President of ASME 


wet bulb and humidity ratio of the 
state point (from the small chart 
at left) the correct value of en- 
thalpy can be obtained. Alterna- 
tively, the value of enthalpy for the 
given wet bulb at zero humidi 
can be read at the bottom of the 
main chart and corrected by adding 
the enthalpy of water shown on 
the small dart at left. 
The chart is also essential in 
solving problems in manufacturing 
processes including the addition or 
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removal of moisture from the man- 
ufactured products. 

Announced and discussed by 
Mr. Everetts, the chart was the 
climax of four papers on the sub- 
ject of psychrometrics and the his- 
tory and es of psychro- 
metric charts. first of these 

rs to aj in the JOURNAL 
will be in be inthe February issue. 

the first part of the 
oot chairman and vice 
chairman were, ively, Eu- 
gene Ambrose of the American 
Electric Power Service Corpora- 
tion, and Leo J. Riconda, General 
Mills Co. Professor Ralph G. Nev- 
ins, a member of both ASHRAE 
and ASME and Head of the Me- 
chanical Engineering Department 
of Kansas State University, spoke 
on “Psychrometrics and Modern 
Comfort.” His paper briefly traced 
the historical devel opment of the 
ASHRAE comfort aes including 
results of recent ge research. 
He also discussed proposed 
ASHRAE environmental research 
to be carried out by Kan- 

sas State Universi 

Dr. Joseph Lee ‘Hollander, As- 
sociate Professor of Medicine and 
Chief of the Arthritis Section, 
School of Medicine, University of 
Pennsylvania, delivered a paper on 
the “Effect of Psychrometrics on 
Human Disease: A Study y Utilizing 
the Controlled Climate Chamber. 
Dr. Hollander revealed that studies 
have been carried out on effects of 
variation of temperature, humidity, 
barometric pressure and atmos- 
pheric ionization in the controlled 
climate chamber in use at the Uni- 
versity of Pennsylvania's arthritic 
rehabilitation center. This chamber 


G. Nevins 


Professor 
of Kansas State University 
speaks on Psychrometrics and 
Medern Comfort at the 
ASHRAE-ASME session on 
Wednesday morning, Novem- 
ber 28 


was designed by the consulting en- 
gineering firm of Charles S. Leo- 
pold, Inc. In the chamber, two 

tients at a time have been con- 
fin ed continuously for periods of 
three to four weeks. 

On the evening of the 28th, Dr. 
Hollander and Mr. Everetts re- 
peated this talk at the meeting of 
the Div of Oceanography and Me- 
teorology of the New York Acad- 
emy of Sciences. 

Dr. James Stokes of the Physi- 
ology Section of E. I. duPont de 
Nemours & Co., Inc., — vane 
oratories, esented a pape 

ed by the Chief of that Section, 

. Lucien Brouha. Entitled “Phys- 
iological Reactions to Psychrometric 
Extremes,” this paper discussed the 
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Dr. Joseph L. Hollander of 
the University of Pennsyl- 
vania had as his topic the 
Effects of Psychrometrics on 
Human Disease 


reactions to cold and heat, chiefly 
those changes in respiratory, circu- 
latory and thermoregulating mech- 
anisms. Acclimatization and ways 
to reduce stress of extreme tem- 
peratures also were covered. 

The second part of the ASH- 
RAE am was chairmaned by 
P. B. Gordon, Presidential Member 
of the Society and Vice President of 
Wolff & Munier, Inc. Serving as 
Vice Chairman was Royal S. Bu- 
chanan of the American Motors 
Corporation. A paper prepared by 
Daniel D. Wile, ASHRAE Presi- 
dential Member and Executive 
Vice President of Recold Corpora- 
tion, was read by Professor C. F. 


Kayan of the Department of Me- 
chanical Engineering, Columbia 
University. Termed “Psychrometric 


tial Member, introduces Pres- 
ident Everetts, who present- 
ed the Society’s new psychro- 
metric chart 


Charts in Review,” the paper de- 
fined the psychrometric chart as a 
primary tool for the solution of air- 
conditioning problems. Although 
many improvements have accumu- 
lated over the years, the basic prin- 
ciples have been little changed 
since Dr. Carrier presented hi 
original theory and chart in 1911. 


50th ANNIVERSARY HONORED 
At the luncheon following the 
morning's technical Mr. 
Everetts presented a scroll to Cloud 
Wampler, Chairman of the Board 


and Chief Executive Officer of the 
Carrier Corp. The scroll commem- 
orated the anniversary of Dr. 


Willis H. Carrier’s publication of 
“Rational Psychrometric Formu- 
lae.” In his acceptance speech on 


Joust ASHRAE-ASME Meetinc 607 
Gordon, ASHRAE Presiden- 
| 
2: 


608 ASHRAE TRANSACTIONS 


“The of Willis Carrier,” 
Mr. Wampler predicted a big new 
market for air conditioning. He 
listed the five expanding markets, 
which are e: to produce 
nearly $6 billion in sales during the 
next five years, as central installa- 
tions for homes, industrial plants, 
hospitals, schools and apartments. 

As an example of progress in 
air-conditioning technology, Mr. 
Wampler described a thermoelec- 
tric heating and cooling unit oc- 
cupying less than a cubic foot of 
space, which Carrier will deliver 
to the Navy in the spring of 1962. 
He stated that two units of this 
size would supply enough cooling 
for the average three-bedroom, 
1200-sq ft house. 

The morning session on 
Wednesday, November 29, concen- 
trated on air conditioning. Chair- 
man was Carl T. Ashby, ASHRAE 
Member and Director of Research 
and Engineering, Norge Div, Borg 
Warner Corporation. Vice Chair- 


man was Ralbern H. Murray, Sec- 
retary of the Industrial and Com- 
mercial Gas Sect., American Gas 
Association. 

Papers presented were: “The 
Economic Application of Gas Tur- 
bines to iY Air-condi- 
tioning Installations” by C. R. Apitz, 
Sales Engineer, Clark Brothers Co., 
Div of Dresser Industries; “Ab- 
sorption Air Conditioning” by G. 
Owen Kuhen, General Sales Man- 
ager, Carrier Corp.; and “Applica- 
tion of Natural Gas Engines to Air 
Conditioning and Refrigeration” by 
Robert A. D’Amour, Manager of 
Manufacturer Sales, Wackesha 
Motor Co. 

In the afternoon, a four-mem- 
ber panel session reviewed the 
progress of the past 5 or 6 yr in the 
application of low-temperature 
Ma i Among the subjects 
were superconductivity, supercon- 


ducting devices, refrigeration and 
instrumentation, insulation mate- 


rials and design principles. 
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Man has been concerned with psy- 
chrometrics, the state of the atmos- 
phere, since the beginning of time 
and his comfort has been a prime 
consideration in his various activi- 
ties. Maintaining a comfortable air 
temperature always has been a 
problem and many different meth- 
ods have been proposed and used 
to achieve this end. Ventilation, 
the removal of heat, humidity and 
odors, was given engineering con- 
sideration as early as 1845.’ The 
well publicized story of the Black 
Hele of Calcutta was a dramatic 
example of the effects of bad ven- 
tilation and over-heating. 

In 1883, a German researcher, 
J. T. F. Hermans, unequivocally 
suggested that discomfort, com- 
monly blamed on bad ventilation, 
in reality was due to excessive 
temperature and humidity.? Ex- 
perimental evidence to support 


Hermans came in 1905 from work 
by Flugge and his associates.* 
Flugge concluded that: “the ther- 
mal properties of our atmospheric 
environment — temperature, mois- 
ture, air movement — are of far 
greater significance for our well 
being than the chemical properties 
of the air. The feelings of freshness 
which we experience when a closed 
room is freely ventilated or when 
we emerge into the outer air, are 
clearly due to more effective cool- 
ing of the body.” German, English 
and American confirmation of 
Flugge’s results led to complete 
acceptance of the thermal view of 
ventilation by i909. 

The sensation of comfort or 
the lack of awareness of discom- 
fort has been found to be a com- 

lex subjective reaction resulting 
om a combination of physical, 


physiological and psychological 


fe 
2 
ry. 
4 
| 
¢ 
nf 
: 
qe 


610 


factors. Published research work 
shows that there are 15 or more 
factors which may affect the com- 
fort sensation of a human being. 
Some of these factors are given in 
the table below. 


Thermal environment ‘> 
Air temperature Clothing 
Air motion Coler 
Relative humidity Health 
Mean radiant — 
temperature ighting 
Physical activity 
Mental activity and Air ion content 
attitude Air pressure 
Climate and season 


Sex 
Degree of adaptation 


Some of these factors, such as air 
temperature, influence our comfort 
to a truly large extent while others 
affect comfort but slightly. 

The problem of defining ideal 
comfort dis is complicated by the 
fact that an individual’s reactions 
differ from day to day as much as 
from one to another so that a pre- 
cise formulation of the 15 or more 
factors into requirements for ideal 
comfort is impossible. However, it 
is possible to establish limits which 
will satisfy the majority. 

The principal factors which 
have the greatest influence on com- 
fort are air temperature, air mo- 
tion, mean radiant temperature 
and relative humidity. These fac- 
tors make up the thermal environ- 
ment. One other factor, air quality, 
is also important in many applica- 
tions. The quality of the air must 
be such that odors, dust and gen- 
eral air pollution are reduced to a 
minimum or entirely eliminated. 

Efforts to establish or specify 
conditions which would provide a 
comfortable environment began 
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during the period 1913 to 1923. 
During this period, Professor John 
Sheppard at Teachers’ Normal 
College in Chicago is reported to 
have introduced the term “comfort 
zone”*; The New York State Com- 
mission on Ventilation was ap- 
pointed and began their numerous 
experiments, which resulted in a 
report published in 1923°; and the 
American Society of Heating and 
Ventilating Engineers published 
the first work of Houghten and 
Yaglon, which established “lines of 
equal comfort,” defined “effective 
temperature” and determined the 
“comfort zone.”* 

These latter experiments were 
conducted under dynamic condi- 
tions with the subjects walking 
from one controlled room (tem- 
perature and humidity) to another. 
The conditions in the second room 
were adjusted until the relatively 
instantaneous reaction of the sub- 
jects gave identical comfort sensa- 
tions or “equal warmth.” These 
results were plotted on a psychro- 
metric chart and were known first 
as lines of equal warmth. The effec- 
tive te ture is defined as “an 
arbitrary index” which combines 
into a single value the effect of dry 
bulb temperature, humidity and 
air motion on the sensation of 
warmth or cold felt by the human 
body. The numerical value is that 
of the temperature of still, satu- 
rated air which would induce an 
identical sensation.” 

The “comfort zone” and a 
“comfort line” were determined 
from a group of tests involving 
130 subjects of both sexes, wearin 
different types of clothing an 
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representing several different occu- 
pations. The subjects were seated 
in comfortable chairs and engaged 
in light activities such as card play- 
ing, reading and writing. Subjec- 
tive reactions to the environments 
were obtained by asking 
1. Is this condition comfortable 
or uncomfortable? 
2. Do you desire a change? 
3. If so, do you prefer warmer 
or cooler? 


Twelve subjects were e 
to the test conditions for 3 hr, 14 
subjects for 2 hr and 100 subjects 
for 15 min or somewhat longer. 
The comfort zone was defined as 
including those effective tempera- 
tures over which 50% of the people 
are comfortable. On this basis the 
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zone limits were found to be 62 
and 69F ET with a comfort line 
of 64F ET. Fig. 1 is a reproduc- 
tion of the first comfort chart as 
it appeared in the introductory 
material of the Transactions of 
ASHVE published in 1924. 

The papers of Houghten and 
Yaglou in 1923 were the first real 
attempt to relate comfort to tem- 
perature and humidity.* To extend 
the study an experiment was under- 
taken to determine the effect of air 
motion on comiort sensations. 
Three subjects stripped to the waist 
and wearing light-weight trousers 
were exposed to various environ- 
ments in two test chambers in a 
manner similar to that described 
above except that one chamber 


Fig. 1 Original ASHVE Comfort Chart 
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contained a bank of 15-in. fans 
to produce velocities across the 
subjects up to 500 fpm. When a 
condition of equal warmth was 
reported by the judges, the differ- 
ence between the effective tem- 
perature in the still room and the 
effective temperature in the veloc- 
iy room represented the cooling 


ect. 
Obviously, the use of subjects 
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stripped to the waist did not pro- 
vide information needed by the 
engineer, so the next investigation 
studied the effects of clothing on 
comfort.’ The clothing consisted 
of light-weight cotton underwear, 
madras shirt with collar attached, 
three-piece medium-weight woolen 
suit of medium-size mesh, cotton 
socks and shoes. The subjects were 
slightly active, having to walk be- 


Fig. 2 Effective Temperature Chart showing the effects 


of air motion 
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Reprinted from ASHVE TRANSACTIONS, Vol. 31, 1925. 
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tween test chambers, manipulate 
the controls and take data. Also 
included in these tests were con- 
ditions of air motion involving the 
same velocities as before: 150, 300 
and 500 fpm. From these data, the 
comfort zone was modified with 
limits of 63 and 71 F ET and a 
comfort line of 66F ET. In the 
conclusion to this paper, the air 
conditioning engineer is admon- 
ished to use his judgment to shift 
the comfort line according to sea- 
sonal variations in clothing worn. 


The results of this study were 
combined on a single chart, Fig. 2, 
relating dry bulb temperature, wet 
bulb temperature and air motion. 
Included on the chart were effec- 
tive temperature lines and the com- 
fort zone. This same chart, without 
the designated comfort zone, ap- 
pears in the 1961 GUIDE AND 
DATA BOOK. 

The collection of physiological 
data needed for a basic under- 
standing of the man-environment 
process was not neglected by the 
ASHVE workers. In 1929, Hough- 
ten, Teague, Miller and Yant’’ 
published results showing the heat 
and moisture losses from the human 
body as a function of the effective 
temperature and air motion. 

Further modification of the com- 
fort chart resulted from work, pub- 
lished in 1929, by Yaglou and 
Drinker."' Their experiments were 
carried out at the Harvard School 
of Public Health to determine ef- 
fects of summer climate on the 
comfort zone. Some 91 subjects 
were used (56 men and 35 women) 
with no restriction in regard to 
clothing. Most of the men wore 
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two-piece palm beach or light 
woolen suits. The women wore 
silk, linen or cotton dresses. The 
subjective reactions were obtained 
using a 5-point scale: (1) cold, (2) 
comfortably cool, (3) very comfort- 
able, (4) comfortably warm, (5) too 
warm. Test periods of approxi- 
mately 3 hr were used with a pre- 
test time of approximately one hr. 

The summer comfort zone was 
found to be between 64 and 79 F 
ET. This zone included all votes 
indicating comfort, not just 50% or 
more. On this same basis the win- 
ter zone was found to lie between 
60 and 74 F ET. The comfort lines 
were respectively 71 and 66F. It 
is interesting to note that English 
people were reported at that time 
to prefer temperatures 8 F lower 
than those preferred by Americans. 
Also contained in this paper was 
considerable discussion of the re- 
lation of climate and season to the 
type of underclothing worn by 
Americans. 

The Comfort Chart (Fig. 3) as 
it a in the 1961 ASHRAE 
GUIDE AND DATA BOOK is 
basically the same as the chart 
published in 1925. However, in 
light of research since that time a 
note has been added which defines 
its application. 


“Both summer and winter com- 
fort lines apply to inhabitants of 
the United States only. Applica- 
tion of winter comfort line is 
further limited to rooms heated 
by central systems of the convec- 
tion type. The line does not ap- 
ply to rooms heated by radiant 
methods. Application of summer 
comfort line is limited to homes. 
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offices and the like, where the | and Southern Canada, and at 
yy snap become fully adapted elevations not in excess of 1000 
to artificial air conditions. ft above sea level. An increase 
The line does not apply to thea- | of one deg ET should be made 
ters, department stores, and the approximately per 5-deg reduc- 
like where the exposure is less tion in north latitude.” 

than 3 hr. The summer comfort The areas indicating summer 
line shown pertains to Pittsburgh and winter comfort zones have been 
and to other cities in the north- removed in light of field experi- 
ern portion of the United States ence, careful analysis of the origi- 


Fig. 3 ASHRAE Comfort Chart for still air 
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nal data and laborat experi- 
ments since 1940. Also winter 
comfort data from the research 
prior to 1932 were eliminated and 
the data of Houghten, Gunst and 
Suciu” have been substituted. 
These data indicate an optimum 
condition of 68 ET in place of the 
66 ET reported earlier. However, 
these data cover a range of effec- 
ww temperature of but 65 to 69 

Examination of the current 
chart indicates that along a con- 
stant effective temperature line an 
increase in relative humidity of 
20% requires a decrease in dry 
bulb temperature of approximately 
2F. (In the extreme a change from 
30% RH to 70% RH at 68 ET re- 

uires a change in dry bulb from 

5 to 70.5 F.) Since 1938, evidence 
from various has 
indicated that in the zone of ther- 
mal neutrality,* the effective tem- 
perature index over-emphasizes the 
effect of relative humidity on com- 
fort. 

In the range of dry bulb tem- 
perature of 73 to 77 F, variations in 
relative humidity from 25 to 60% 
do not affect comfert sensations, 
for sedentary or slightly active 
healthy men and women normally 
clothed in uniform environments.** 
Research by Glickman and others'’ 
using 15 subjects exposed to two 
levels of relative humidity (30 and 
80% RH) found that the effective 
temperature index appeared to be 
adequate for subjects in the dy- 
namic state but for equilibrium 


* Zone of vaso-motor regulation: heat produc- 


= energy and without sweating or 
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conditions the effective tempera- 
ture index placed too much em- 
phasis on relative humidity. Meas- 
urements in these tests included 
physiological as well as subjective 
reactions. 

In 1947, Yaglou, one of the 
original investigators, pro that 
the over-emphasis resulted from 
the use of instantaneous thermal 
impressions and the resulting ad- 
sorption and desorption poe 
ena, that is, the heat of rption 
giving a sense of warmth as mois- 
ture was adsorbed on skin and 
clothing."* Likewise, a cooling 
effect when the moisture evapo- 
rated. To correct the effectiye tem- 
perature index it was proposed 
that lines of constant mean skin 
temperature replace the ET lines. 
Yaglou’s measured skin and cloth- 
ing temperatures for men and 
women under ordinary summer 
and winter conditions are shown 
in Fig. 4. Lines of constant mean 
skin temperature in relation to 
effective temperature are shown in 
Fig. 5. Subjects normally dressed 
for a given dry bulb temperature 
in a range of 30 to 82 F were found 
to be comfortable when their mean 
skin temperature averaged between 
91 and 93F, provided subjects 
were not sweating. Skin tempera- 
ture as a comfort index fails when 
subjects are more than slightly 
active or are sweating. 

As early as 1950, the ASHVE 
(now ASHRAE) began planning a 
comprehensive program to re- 
evaluate the a chart. A new 
environmental research facility was 

lanned and built at the Cleveland 
boratory. The results of the first 


ty 
tion equal to the net heat loss by convection, pe 
radiation and evaporation with no change in i 
; 
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study (not actively initiated until 
1957) were published in 1959 by 
Jennings and Givoni'* and dealt 
with environment reactions in the 
80 to 105 F zone, outside the com- 
fort zone. 

The second study, by Koch, 
Jennings and Humphreys, was pub- 
lished in 1969.*° Their results can 
be considered the first step toward 
re-evaluation of the comfort chart. 
These tests were conducted with 
dry bulb temperatures from 68 to 
94F and with | relative humidities 
from 20 to 90%. Twenty subjects, 
wearing summer clothing, were ex- 
posed for periods of three hr and 
were seated at rest. The data, 
shown in Fig. 5, show that over 
the range of variables studied the 
effect of relative humidity is small 
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and that the optimum comfort line 
for these subjects was 77.6 F at 30% 
RH and 76.5 F at 85% RH. 

The ideal comfort chart should 
give the air conditioning engineer 
as well as the environmental phys- 
iologist reliable data concernin 
the relation of psychrometrics an 
comfort. The dry bulb temperature 
and relative humidity are the basic 
factors which define our thermal 
environment. However, correction 
tables or charts are needed to show 
the effect of clothing, thermal ra- 
diation, air motion and activity on 
comfort sensation. 

Clothing effects have been 
noted in many of the published 
reports. Differences which exist be- 
tween the 1923 and the 1960 opti- 
mum comfort line probably are 


Fig. 4 Mean skin and clothing temperatures 
in relation to environmental temperature 
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attributable to the change in cloth- 
ing habits of Americans. Likewise, 
the difference in preferred indoor 
conditions which exist between the 
Americans and the British or Euro- 
peans usually is explained on the 
basis of differences in clothing. 
The consideration of thermal 
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radiation as a factor in comfort 
studies has also been of some con- 
cern from the beginning of comfort 
research. In a discussion to the 
1923 paper* which first determined 
a comfort zone, J. G. Shodron 
called attention to the thermal ra- 
diation exchange between an oc- 


Fig. 5 Thermal sensation lines, lines of constant mean 
skin temperature and effective temperature lines 
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cupant and the enclosure which is 
necessary to produce comfort or a 
balance of t production and 
heat loss. Other investigators have 
also called attention to this limita- 
tion in the applicability of the com- 
fort chart. 

The cooling effect produced 
by three cold walls of equal tem- 
perature was reported by Hough- 
ten and McDermott in 1933. Ther- 
mal radiation effects also were con- 
sidered in a report published in 
1941.2 Two test rooms were used, 
one heated with a forced warm air 
system and the other with hot 
water radiators. Eight subjects re- 
ported comfort sensations in each 
room and a relationship between 
ET and MRT was formulated. As 
was pointed out in the discussion 
to this paper, the radiator Bives 
off considerable convective heat; 
therefore, the results were limited 
in application. 

Published in 1940 was a rec- 
ommendation of a new environ- 
mental index, the operative tem- 
perature.** This index combined 
the effects of dry bulb temperature, 
air movement and mean radiant 
temperature and is derived by con- 


sidering the thermal exchange of 


the body with the surroundings. 
Effects of humidity were not in- 
cluded since the index is used with- 
in the comfort zone. 

With the advent of radiant 
heating, new and increased interest 
in the effects of radiation on com- 
fort was developed. Several proj- 
ects were undertaken and reported 
in the literature.**:**:** These 
ects dealt with specific problems 
of panel location, effect of floor 


surface temperatures, etc., and the 
results were such that a comfort 
zone with MRT as a variable could 
not be defined. 

Aiz motion has always been 
considered an important variable 
and, as has been discussed before, 
some data are available. Criticism 
of a modern air conditioning sys- 
tem often can be traced to ob- 
jectionable drafts. Research by 
Houghten* showed a relation be- 
tween air velocity and the differ- 
ence between the temperature of 
moving air and the room air. These 
data were obtained in 1938 and 
need to be re-evaluated. 

Activity, likewise, must be con- 
sidered in the development of a 
complete comfort chart. The activ- 
ity of a person directly affects his 
metabolism, which in turn requires 
a change in heat loss which for 
comfort must be accomplished 
without physiological stress (in- 
cluding uncomfortable sweating). 
Of course, persons doing heavy 
work will not be included but the 


Table | Proposed ASHRAE Environ- 

mental Research Program in cooper- 

ation with the Kansas State Univer- 

sity, Institute for Environmental Re- 
search 


1. Effect of Symmetrical Radiation on Human 
Comfort 

2. Effect of Weight of Clothing on Human 
Comfort 

3. Effect of Asymmetrical Radiation on 
Human Comfort 


4. Effect of Air Motion on Human Comfort 
5. Effect of Work Rate or Activity on Human 
Comfort 


(For additional discussion of this program 
consult reference 26) 
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e of activity from resting to 
erate work and dancing must 
be covered. Research has provided 
some information but much more 
is needed. 

Future ASHRAE environ- 
mental research will attempt to 
provide the “complete” comfort 
chart. The proposed program is 
outlined in Table I. 

This program will be carried 
out in cooperation with the Kansas 
State University Institute for Envi- 
ronmental Research, beginning in 
late 1962 or early 1963. The 12 
x 24-ft environmental test room 
(described in reference 20), orig- 
inally located in Cleveland, has 


ran 
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been transferred to Kansas State 
University and will be housed in 
new quarters to be provided for 
the Environmental Research Insti- 
tute. The staff of the Mechanical 
Engineering Department will con- 
duct the research with the assist- 
ance of other University staff (Phy- 
sician, Statistician, Psychologist, 
etc.). This project will expand the 
current environmental research 
program of the department spon- 
sored by The National Institute of 
Health. The physical facilities are 
being expanded with the addition 
of approximately 3500 sq ft of lab- 
oratory and office space. 


In addition to the comfort 


Table Il Psychrometric Conditions for Comfort 


Environmental 


Date Specifications 
Prior to 1900 70F DBT 
Early 1900 56F WBT 
1914 68F DBT 
407%, RH 
1923 66-72F DBT 
19-61% RH 
1923 62-69 ET 
64 ET (optimum) 
1925 63-71 ET 
66 ET (optimum) 
1929 66-75 ET 
71 ET (optimum) 
60-74 ET 
66 ET (optimum) 
1939 64.8-76.0 F ET 
71.8 F ET (optimum) 
1939 74-84 Operative 
Temp. 
1941 68 ET (optimum) 
65-69 ET 
1938-1956 73-77 DBT 
25-60% RH 
1947 91-93F 
1960 77.6 F DB 30% RH 


76.5 F DB 85% RH 
DBT—Dry Bulb Temperature 
WBT—Wet Bulb Temperature 


Remarks Reference 

no reference to W.B.T. (6) 
disregarding DBT (6) 
Chicago Commission on (5) 
Ventilation 

(5) 
50% or more comfortable (6) 

(9) 
Summer (11) 
98%, Comfortable 
98%, Comfortable 
Basal (29) 
Clothed Men 
Non-basal, at rest (30) 
Clothed Men 
Winter (12) 
range of tests 

(13, 14, 15) 

Skin Temperature (18) 

(20) 


RH—Relative Humidity 
ET—Effective Temperature 


é 
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aspects, ASHRAE is interested in 
the effects of the thermal environ- 
ment on learning rate and achieve- 
ment and on productivity. Attempts 
will be made to collect and dis- 
seminate the results of research in 
this area, whether sponsored by 
ASHRAE or by some other agency. 

The development of the psy- 
chrometric specifications for the 
comfort zone and optimum com- 
fort line is summarized in Table 
II. It is interesting to note the 
shift in the um conditions 
since 1900 and the reluctance of 
some researchers to define a line, 
preferring to specify a range or 
zone of comfort. Leopold, in his 
paper “Conditions for Comfort”*’ 
proposed the use of a discomfort 
index rather than a comfort index. 
This procedure was also used by 
Chrenko in England.** An argu- 
ment for accurate control of en- 
vironmental conditions was devel- 
oped by Leopold in the same 
paper, showing that even though 
persons may individually have a 
wide zone of comfort, it is neces- 
sary to maintain close control of 
the environment for maximum 
group comfort. 

The engineer must seek to 

vide environmental conditions 
which will meet effectively the 
comfort requirements of a heter- 
ogeneous population. There must 
be a compromise such that the 
maximum number of people is 
comfortable. Since each person is 
comfortable within a range of tem- 
peratures, the engineer need not 
provide a fixed optimum tempera- 
ture for each individual. 


As pointed out by Bedford,"* 
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the establishment of the proper 
effective temperature does not en- 
sure that the environment will be 
pleasant. Factors such as air move- 
ment, thermal dients, and ra- 
diant effeci: should be considered. 
Herrington, in a discussion to this 
paper, points out the need to con- 
sider also the effects on comfort 
response of age, sex, clothing and 
activity. 

It is the objective of ASHRAE 
and the cooperating institutions to 
are the information necessary 

design of effective and efficient 
thermal environments in which 
comfort for the maximum number 
of occupants is achieved, and to 
provide basic physiological data 
relating man to his environment, 
thereby helping to increase our 
understanding of the human factor 
in the creation of a comfortable, 
healthful, pleasant and efficient en- 


vironment. 
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Physiological Reactions to 
Psychrometric Extremes 
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extremes imply both 
cold and warm conditions and we 
shall discuss successively the 
physiological reactions of man 
exposed to these environments. 
From a practical point of view, the 
problem is to find how man can 
adjust to extreme conditions of 
temperature, humidity and wind 
velocity without impairing his 
health and with a working capacity 
which, although reduced, is still 
satisfactory. 


COLD 

Man is in a more favorable i- 
tion to counteract the effects of low 
temperatures than those of high 
temperatures. Heat loss from t 

body exposed to cold is increased 
through radiation, conduction and 
convection. In body insulation, 
two thermal gradients have to be 
considered: a—the temperature 
drop between deep body tempera- 
ture and that of the skin; b — the 
temperature difference between 
the skin surface and the environ- 


ment. By using suitable clothing, 
rotection against excessive heat 
oss can be achieved down to ex- 
tremely low temperatures. 

The fact that in the arctic the 
caloric intake is but slightly larger 
than in moderate climates indi- 
cates that man does not expose 
himself to cold sufficiently to in- 
crease his average heat loss ap- 
preciably more in moderate 
environments. Nevertheless, heat 
loss can occur and when it reaches 
a certain level, vasoconstriction 
and then shivering take place—the 
former reducing heat loss through 
the skin, the latter increasing body 
heat production as a defense 
mechanism against cold. 

Physical activity has the same 
effect but is not as efficient. For 
example, Carlson et al. have shown 
that at SOF exercising at a rate 
more than three times the efficient 
shivering metabolic level does not 
prevent body cooling in a man 
wearing shorts because of the large 
convective heat loss incurred by 
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the unprotected legs during pedal- 
in 


Furthermore, physical activity 
increases the blood flow in the 
limbs and thus aids in the loss of 
heat. Even light work will produce 
that effect and, for a man lightly 
clad, exercise is not a good source 
of heat for maintaining body tem- 
perature. Shivering is more effi- 
cient because heat loss is mini- 
mized by reducing the e 
body surface by “curling up” and 
also maintaining the insulation by 
vasoconstriction. 

Relative humidity of the air 
has little effect on cooling rates 
during cold exposure but seems to 
affect the amount and severity of 
shivering (Burton, et al.*). On the 


other hand, the clothing insulation 
is reduced due to dampness and 
the body cooling rate can be 50% 
greater than that of subjects in dry 
clothing. This is what occurs most 
frequently when gloves and shoes 
become wet due to sweating dur- 
ing physical exercise in the cold. 
The effect of air movement in 
the cold is to lower the ambient 
temperature. Siple and Passell* 
have introduced a “wind chill in- 
dex” to measure the cooling power 
of the wind, different combinations 
of temperature and wind velocity 
having the same physiological 
effect. For example, exposed flesh 
will freeze if the wind velodity is 
45 mph and the air temperature 
20 F, and the same effect will be 


big. 1 Additional cardiovascular stress pro- 
duced by light clothing at 90 F and 50% R.H. 


3 


a 
2 


HEART RATE — BEATS PER MINUTE 


XERCISE | EXERCISE 
REST SHORTS RY (COVERALLS RECOVERY 
Kgmym) 360 Kgmym 


20 


30 40 50 


MINUTES 


% 

4 

DB: 90°F q 

if 

RH: 50% 

a 

no 

70 

10 || 60 

a 


by a of —40 
and a wind velocity of but 2 


mph. 

Froese and Burton‘ have found 
that the tissue insulation of the 
fingers e to cold may in- 
crease sixfold, whereas that of the 
head does not. Thus, there is a 
— need for keeping the 

warmly covered in order to 
prolong endurance time in the 
cold. In spite of the large increase 


Cardiee Output L/mla 


Cardiac Output L/min 
¢ $ & 
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——Respiratory Muscles 


+Other Skeletal Muscles 


in the insulation of the fingers, a 
tight vasoconstriction of the ex- 
tremities to prevent heat exchange 
is not desirable since the result is 
a progressive loss of function of 
the hands and feet and finally tis- 
sue injury. 

Cardiovascular reactions other 
than vasoconstriction are seen 


often during cold exposure: greater 
frequency of changes in electro- 
cardiograms after light work, in- 


Fig.2 Distribu- 
tion of total car- 
diac output to 
various areas as a 
function of oxy- 
gen consumption; 
values reached 
after short peri- 
ods of exercise at 
normal tempera- 
ture. A at 70F. 
The figure repre- 
sents an approxi- 
mation only, es- 
pecially with re- 
spect to skin 
blood flow. B at 
100 F. Distribu- 
tion of blood flow 
for exercise in a 
hot environment, 
based on the same 
data as lower 
curve. Under 
these conditions, 
work capacity 
may be limited 


Oxygen Consumption 
L/min 


Brouha and E. P. Radford, Jr., in 


by the maximum 
cardiac output 
which can be 
reached. (Ref.: L. 


Science and Medicine of Exercise 


and Sports, Harper, New York, 1960.) 


@ Brain 
Others 
Skin 
~—Respiratory Muscles 
Skelete! Muscles 
; ‘ 2 3 4 
Oxygen Consumption 
L/min A 
Brain 
Others 
@ Skin 
Heart 


PuysioLocicaL REACTIONS TO PsyCHROMETRIC EXTREMES BY BROUHA 625 


crease in arterial and venous blood 
pressure with or without changes 
in heart rate. Whether or not these 
higher blood pressures increase the 
circulation and therefore decrease 
the insulation of the body is not 
known. 


The conclusion is that man can 
adapt himself quite successfully to 
the ambient conditions at the cold 
end of the psychrometric chart 
mostly through clothing and, when 
need be, by increasing his meta- 
bolic heat production. Under these 
conditions, he carries with him his 
own “microclimate” which is more 
or less comfortable but, in any 
case, much warmer than the out- 
side environment. 

HEAT 

As to cold exposure, it is 
only within rather narrow limits 
that man can protect himself 
against warm surroundings by 
adequate clothing. The protection 
afforded by clothing is mostly ef- 
fective against radiant heat; but in 
general, the warmer the environ- 
ment the less clothing should be 
worn, as shown in Fig. 1. 

The rate of heat dissipation 
mainly controls the physiological 
reactions. Here again, the first 
stage of heat loss is from the inner 
source of heat to the skin and is 
largely under physiological con- 
trol. The second stage is from the 
skin to the environment and de- 
pends on the physical properties 
of the atmosphere: temperature, 
humidity and air movement. 

In the warm range of the 
psychrometric chart, heat loss 
through conduction, convection 


and radiation is less than the heat 
produced by muscular activity or 
ined from the environment or 

: cooling must take place by 
evaporation of sweat, and sweating 
increases progressively up to a 
maximum rate when ambient con- 
ditions and work load become 
more severe. Two situations occur: 
a — the evaporation of sweat is suf- 
ficient to cool the body and a 
thermal equilibrium is achieved 
with a constant internal tempera- 


ture. 

Under these conditions, pul- 
monary ventilation, oxygen con- 
sumption, blood pressure, cardiac 
output and heart rate increase at 
the beginning of muscular activity 
and reach a steady state, the level 
of which is determined by the 
work rate for a given environment. 
When work stops, recovery takes 
place and these functions return 
toward their resting 
evel. b—The evaporative proc- 
esses are inadequate and no ther- 
mal balance can be maintained: 
the payevioges, reactions do not 
reach a steady state but increase 
progressively and lead toward heat 
exhaustion as the duration of ex- 
posure and work increases. 

Since convective transport of 
heat from the interior to the body 
surface is one of the essential func- 
tions of the blood circulation, one 
can expect that during exposure to 
heat cardiovascular reactions should 
be most important. It is even more 
so when exposure to heat is com- 
bined with physical activity which 
requires an increased blood flow 
to supply the ter demand of 
for fuel, mainly 


: 
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oxygen. In an automobile, the 
excess heat of the engine is trans- 
ferred to the outside air via a cir- 
culation of water and a radiator; 
the fuel is provided by gasoline 
using a separate system. In man, 
blood is called upon to transport 
fuel as well as heat and the re- 
quirements of these two functions 
are often in conflict since the total 
amount of blood available and the 
speed at which it can be circulated hea 
are limited. 

Because the warm environ- 
ment hinders heat loss, the cardio- 
vascular system may reach its 
“maximum heat transfer” ability 
before it reaches its energy 
transportation” ability. Therefore, 
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any increase in work rate beyond 
this point can only be achieved at 
the expense of a rise in body tem- 
perature. Such rises are not dan- 
ge rous over a small range, but 
ody temperatures maintained 
above 102 F are tolerated poorly. 
If work is to continue, the 
work rate must be cut down to a 
ee where the cardiovascular sys- 
ore again handle the resulting 
ction. Thus, psychro- 

con extremes in the warm range 
im the body a thermal 
burden which is com of two 
: the first is the interference 
with heat loss from the body, the 
second is the heat which actually is 
gained by the body from the high 


Table | Average Oxygen Consumption Variations in Males and 
Females Working in Three Environments 
Oxygen in | /min 

MALES FEMALES 
Warm- Warm- Warm- Warm- 
Phases* Normal dry humid Normal dry humid 
| 0.330 0.370 0.390 0.260 0.299 0.270 
" 1.470 1,270 1.420 1.180 0.980 1.070 
Ww 1.490 1.390 1.550 1.200 1.029 1.120 
Iv 2.290 1.910 2.160 1.780 1.570 1.620 
v 0.430 0.410 0.490 0.350 0.290 0.370 
vi 0.320 0.360 0.340 0.280 0.220 0.260 
*I = resting: I] = first 5 min of pans at submaximal be rate; II = 
submaximal work; Iv = maximal work; V = resting on bicycle; = resting in 


armchair, 


Table '1 Average Heart Rate Variations in Males and Females 
Working in Three Environments 


MALES FEMALES 
Warm- Warm- Warm- Warm- 
Phases* Normal dry humid Normal dry id 
! 8! 89 89 86 101 99 
" 128 133 132 138 148 145 
152 156 151 164 170 
Iv 172 175 180 i76 179 179 
v 113 15 128 114 120 130 
vi 86 91 99 93 100 103 
*1I = resting; II = first 5 minutes of pedaling at submaximal work rate; III = 
Se vets IV = maximal work; V = resting on bicycle; VI = resting in 
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ambient temperature. The second 
effect aggravates the first since it 
is adding heat to a system already 
penta in losing it. Muscular 
activity increases burden fur- 
ther. 

Fig. 2 shows the effect of a 
high environmental temperature on 
the distribution of blood flow and 
illustrates the marked increase in 
the skin blood flow with increas- 
ing oxygen consumption; i.e., 
harder work producing more heat. 

When, in spite of the need for 
an important skin blood flow, the 
work load remains at a high level, 
oxygen delivery to the muscles has 
priority and the work must be 
done at the expense of an increase 
in body temperature due to inade- 
quate cooling. However, the time 
during which work can continue is 
limited, and most men will stop 
when their internal temperature 
exceeds 102 F. 

Because of the importance of 
knowing the physiological reac- 
tions to different work loads at 
various high temperatures and 
relative humidities, experiments 
under strictly controlled conditions 
of work load and heat load have 
been pursued for the last eight 
years at Haskell Laboratory. Some 
of our results are summarized here- 


after. 


1. Effect of Continuous Work.* 
The subjects were six male and six 
female laboratory workers in good 
health. The a consisted in ped- 
aling a bicycle ergometer at 60 
rpm at a submaximal load for 30 
min, immediately followed by 4 
min at maximal load; recovery was 


followed for one hr. Three envi- 
ronmental conditions were used: 


77F and 42% R.H., effective 
temperature = 70.5 F or normal; 
99F and 25% R.H., effective 
temperature = 82.5 F or warm- 
dry; 

90F and 82% R.H., effective 
temperature = 86.0 F or warm- 
humid. 


Heart rate pulmonary venti- 
lation, oxygen consumption and 
carbon dioxide production were 
recorded throughout the experi- 
ment. Blood pressure was meas- 
ured every minute, oral tempera- 
ture every 15 min and body weight 
at the beginning and at the end of 
the experiment. Tables I and II 
summarize the results for oxygen 
consumption and heart rate. 

Oxygen consumption was ap- 
proximately the same at normal 
temperature and under. warm- 
humid conditions, whereas it was 
lower under warm-dry conditions. 
The same was true for pulmonary 
ventilation, indicating that in the 
warm-dry environment efficien 
was increased slightly, a fact which 
is substantiated by concomittant 
lower levels of blood lactic acid. 

On the other hand, heart rate 
increased when going from normal 
to warm-dry and even more to 
warm-humid. Oral temperature 
after exercise showed an average 
gain of 0.5F in normal and in 
warm-dry conditions, but in the 
warm-humid surroundings the gain 
was 1.5F for the men and 1.0F 
for the women; thermal balance 
was achieved in the former case 
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but not in the latter. Weight loss 
was most significant in the warm- 
dry atmosphere where evaporation 
of sweat was test. It was less 
in the warm-humid environment 
where evaporation was reduced 
because of the high water vapor 
content of the air. Average blood 
pressure changes were the same 
under the three environmental con- 
ditions. 

The conclusions from these ex- 

nts are as follows: 

(a) The stress on the cardiovas- 
cular system increases with the 
ambiént temperature. The great- 
est stress was observed when the 
work was ‘ormed in an environ- 


ment combining high temperature 


Fig. 3 Effect of 
was constant at 0 
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and high relative humidity. 

(b) Heart rate during work and 
recovery varies according to work 
load, ambient conditions and sex. 

(c) In contrast, blood pressure 
varies with work load only and is 
not significantly influenced by sex 
or by environment. 

(d) Pulmonary ventilation and 
oxygen consumption are deter- 
mined by the work load but in- 
fluenced little by the environment. 
Work under warm-dry conditions 
appears to be performed with an 
oxygen consumption slightly lower 
than in the other environments. 

(e) Sweat loss and weight loss 
are greatest under warm con- 
ditions; under warm-humid condi- 


ated work-rest cycles. The work load 
slope and the relative humidity constant 


at 40%. Dry bulb temperature was increased from 70 to 90 
to 115 F. A steady state from cycle to cycle is maintained at 
70 and 90 F, but at 115 F no steady state can be maintained 
and each cycle produces higher reactions during work and 
more incomplete recovery 
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tions evaporative cooling is im- 
paired hod temperature rises 
appreciably. 


2. Effect of Repeated Work Cycles 
—In warm environments the reac- 
tions often are modified when, in- 
stead of working for one single 

iod of time, the subjects per- 
orm several work periods with 
rest periods in between. To study 
this problem, two sets of experi- 
ments were made, one in which all 
work-rest cycles were of the same 
duration, another in which the 
duration varied. 

Repetitive work cycles of con- 
stant duration.’ The work was per- 
formed by four college students 
and consisted of walking on a 
treadmill at 3.2 mph for 15 min 


Fig. 4 Same 


followed by a rest of 20 min. This 
cycle was ated four times. 
Three treadmill slopes were used: 
0, 5 and 10% grades. Environmental 
conditions varied from 70 to 120 F 
and 21 to 83% R.H. Wind velocity 
was approximately 50 fpm. 

Fig. 3 shows the average heart 
rate changes that were observed 
when the dry bulb temperature 
was increased from 70 to 115, 
with a treadmill slope of zero and 
a R.H. of 40%. A steady state was 
achieved at the lower tempera- 
tures, but at 115F a progressive 
increase occurred from cycle to 
cycle during work and recovery. 
Fig. 4 shows the same phenomenon 
when the slope of treadmill 
was zero and the bulb tem- 
perature 105 F, but when the R.H. 


iments as in Fig. 3. For a constant work 


load and a constant dry bulb at 105 F, the relative humidity 
was increased from 21 to 63%. A steady state from cycle to 
cycle is maintained at 21 and 43%, but at 63% each cycle 


produces higher reactions during work and recovery 
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was increased from 21 to 63%: 
higher heart rates were observed 
from cycle to cycle in the most 
humid environment. 

The results demonstrate clearly 
that at 105 F and 63% R.H.; 
an effective temperature of 94.7 F, 
accumulative strain was marked. 
One of the subjects reached ex- 
haustion and was able to complete 
but three cycles. This accumula- 
tive strain also was present at 115 
F and 39% R.H. and at 120F and 
21% R.H.; i.e., effective tempera- 
ture of 95 and 91.5 F, respectively. 

When the work load was in- 
creased by walking on a 5% grade, 
the same phenomenon occurred at 
a lower effective temperature of 
89F. Experiments with a 10% 

de could not be carried out in 
these hot environments. Our data 
do not permit defining exactly the 
dry rat ge the R.H. which ini- 
tiates accumulative strain. A per- 
missible estimate is that for light 
and moderate work, with an oxy- 
gen consumption of 0.8 to 1.5 liter 
per min, it should be anticipated 
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at dry bulb temperatures above 
90 F when the R.H. is high (80%) 
and above 105 F when the R.H. is 
low (20%). In terms of the basic 
scale of effective temperature, the 
critical region appears to be be- 
tween 88 and 91 F. 

Changes in body temperature 
and weight loss between the be- 
ginning and the end of the experi- 
ments are shown in Figs. 5 and 6, 

ively; they increased mark- 
edly as the effective temperature 
rose. 
In addition, the following data 
were calculated: 

(a) Total cardiac cost above rest; 
ie., the number of heart beats 
above the resting level that were 
needed to perform the work and. 
to recover for 20 min. 

(b) Cardiac efficiency, which is 
the amount of external work pro- 
duced per extra heart beat and is 
expressed here as meters walked 
per beat (Brouha, et al.°). 

The effect of work and envi- 
ronment on the cardiac cost is 


Fig. 6 Effect of the envi- 
ronment on weight loss 
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shown in Fig. 7 for the three grades 
of work. It is clear that for a con- 
stant work rate, the cardiac cost is 
greater when the environmental 
stress is more severe. Conversely, 
for a given environmental stress 
the iac cost increases with the 
work rate. 

When the cardiac cost of work 
and the cardiac cost of recovery 
are plotted separately against ef- 
fective temperature, it should be 
noticed that as the environmental 
stress increases, a larger propor- 
tion of the extra cost is due to the 
cost of recovery. In other words, 
for the same amount of work per- 
formed, the higher the effective 
temperature the more time it takes 
to recover (Fig. 8). 

On the other hand, cardiac 
efficiency decreases as the environ- 
mental stress increases. This is 
shown in Fig. 9 where cardiac effi- 
ciency and oral temperature are 
plotted against effective tempera- 
ture; the reciprocal relation be- 
tween these two variables is evi- 
dent. 


Fig. 7 Effect on the total 
cardiac cost of increasing the 
work load and the effective 
temperature. Averages of 


four subjects 


Repetitive work cycles of dif- 
ferent duration.’ Similar studies 
were made in which the duration 
of the work-rest cycles was modi- 
fied. In typical experiments the 
subjects performed 25 min of work 
followed by 10 min of rest re- 

ated four times, and 50 min of 
work followed by 20 min of rest 
repeated twice. The total amount 
ot work and of heat exposure was 
exactly the same with the two 
schedules. Fig. 10 gives the results 
observed for oxygen consumption 
and heart rate when the subjects 
were walking the treadmill on a 
5% grade at 3.2 mph in an environ- 
ment at 85F effective tempera- 
ture. 

Regardless of the sequence 
used, oxygen consumption reached 
the same steady state and did not 
indicate any accumulative strain. 
Heart rate did likewise when the 
25-min work — 10-min rest sched- 


Fig. 8 Effect of increasing 
effective temperature on the 
cardiac work cost and the 
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ule was performed. However, with 
the 50-min work—20-min rest 
schedule, a definite increase in 
heart rate took place during each 
work period and was definitely 
ag during the second period 

during the first, both at work 
and in recovery. These results 
emphasize the im ce of de- 
termining adequate work-rest pe- 
riods for men engaged in physical 
activity in warm surroundings, a 
situation frequently encountered in 
industrial operations. 

In these warm environments 
and for a constant oxygen con- 
sumption, the pulmonary ventila- 
tion can increase more than it does 
in the cool. Fig. 11 compares the 
curves obtained during the first 
and the third cycles with the 25- 
min work —10-min rest schedule. 
In this case, for virtually the same 
oxygen consumption, a definite in- 
crease in ventilation 
from the first to the third cycle is 
evident. This observation has been 
made repeatedly at levels of energy 
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\ 
° 
Fig. 9 Effect of effective 
temperature on oral temper- 


expenditure below 1.0 liter of oxy- 
en per min and with an average 

y temperature increase of 0.5 F, 
Laure the environmental stress 
is 

Pus phenomenon is important 
in industries where the workers 
are ex to toxic atmospheres, 
since heat inducing a greater hy- 
perventilation will lead to a greater 
inhalation of dangerous substances. 
Fig. 11 also shows that, of all the 


Fig. 10 Effect 
of two work-rest 
schedules on 
heart rate and 
oxy, consump- 
tion at 85F ef- 
fective tempera- 
ture. These are 
indices of accu- 
mulative stress: 
O, consumption 


and heart rate 
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variables that we have studied in 
all these experiments, the changes 
in heart rate are the most sensitive 
measurements to detect the com- 
bined stress produced by the work 
and by the environment. Simple 
methods have been devised that 
are applicable easily in the plants 
and give a reliable evaluation of 
the total stress produced by any 
given job performed under psy- 
chrometric extremes in the warm 
range (Brouha‘). 


3. Effect of Clothing and Protec- 
tive Equipment — Clothing and 
various kinds of protective equip- 
ment increase the stress of work 
and of the environment by ham- 


pering heat dissipation. Any gar- 
ment or equipment that interferes 
with the evaporative cooling proc- 
esses will put an additional load 
on the heart, sometimes to a con- 
siderable degree. Consequently, 
there is a an relation ewan 
the effect of clothing, the work 
load and the temperature of the 
environment. This is shown in Fig. 
12 which summarizes the results of 
the effects of two grades of work 
in different environments with and 
without protective clothing against 
radioactive substances. The upper 
heart rate curves show that in a 
comfortable environment, 72 F and 
64% R.H., and for the lighter load, 
360 kg-m/min, wearing the protec- 


Fig. 11 Relation between heart 
rate, oxygen consumption and pul- 
monary ventilation. of 
cycle I and cycle 3 for 25-min 
work—10-min rest schedule. Dry 
bulb 105 F; R. H. 63%; effective 
temperature 94.7 F 
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tive outfit increased the cardiovas- 


cular reactions during work but 
slightly and did not interfere with 
the recovery processes. For the 
heavier load, 540 kg-m/min, the 
cardiovascular reactions were defi- 
nitely higher both during work and 
during recovery, but still within 
reasonable limits. 

The striking increase of this 
additional stress in a warmer en- 
vironment, 115 F and 22% R.H., is 
illustrated by the lower curves. 
Here, wearing the protective outfit 
produced markedly higher reac- 
tions during work and a definite 
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delay in the recovery processes 
even at the lighter work load. In- 
termediate results were obtained 
in less warm surroundings. 

Similar effects are observed 
when impervious clothing is used 
for protection against chemicals. 
These garments interfere maxi- 
mally with the dissipation of body 
heat. The layer of air trapped in- 
side the suit warms up rapidly to 
body temperature and quickly be- 
comes saturated with moisture. No 
body cooling by evaporation can 
take place, and the strain increases 
steadily toward high heart rates 
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and high body temperatures; such 
reactions are present even when 
the temperature of the environ- 
ment is favorable and the work 


load li Age. 

Additional stresses of varying 
degree occur when rubber boots, 
respirators, air masks, heavy aprons, 
etc., are worn. Clothing must, 
therefore, be taken into considera- 
tion in evaluating the physiological 
requirements of a job, especially 
in warm surroundings. Little at- 
tention has been given to the ad- 
verse physiological effects of these 
factors and more research is needed 


to assess accurately t the importance 
of “clothing stress” in industrial 
operations. 
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Effect of Climatic Factors on Human Disease 


JOSEPH LEE HOLLANDER, M.D. 
Associate Professor of Medicine, 
University of Pennsylvania 


Although medical annals contain 
many reports indicating that 
weather conditions affect many 
human disease states, facilities for 
complete control of all climatic 
factors for continuous observation 
on human patients have been lack- 
ing. Utilizing a universal Con- 
trolled Climate Chamber, in which 
two patients at a time have been 
confined continuously for periods 
of 3 to 4 weeks, individual varia- 
tions in temperature, humidity, 
barometric pressure and atmos- 
pheric ionization have been stud- 
ied on twelve arthritic patients. 
Preliminary results, not yet con- 
clusive, indicate that no single fac- 
tor is responsible for the “weather 
effect” experienced by these indi- 
viduals. 

Shelves of medical libraries 
are filled with volumes dealing 
with the effects of climate on hu- 


This study was made possible by grants from 
the Arthritis and Rheumatism Foundation, the 
National Fund for Medical Education, and 
Grant A5322 of the National Institute of 
Arthritis and Metabolic Diseases, U. S. 

ment of Health, Education and Welfare. 


man disease, but there is a dearth 
of scientific observation under 
completely controlled conditions. 
Empiricism characterizes a tremen- 
dous proportion of the articles, 
some extolling the value of salt 
air, others, the mountains or the 
desert. Observations largely con- 
sist of two : diaries of indi- 
vidual patients who made day-to- 
day observations on the weather 
and how they felt with each 
change, and observations on the 
condition of patients removed from 
their natural climate to a “more 
favorable climate.” 

In the diary-type of observa- 
tions, correlations between the type 
of weather and the subjective status 
of the symptoms are drawn by the 
authors, and conclusions are based 
upon such findings. It is important 
to note that such correlations 
would never be accepted as sta- 
tistically significant by any statis- 
tician. 

Results from the second gen- 


eral type of study of weather effect 
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on disease are even less convinc- 
ing. Observers in a sanitarium or 
each having an especially 
favorable climate to extoll, have 
shown by multiple case histories 
how much the arthritis, or asthma, 
or hypertension, or whatever, im- 
proved when the patients were 
sent to the new environment. 
Little is mentioned of the 
other variables included in this 
change, such as freedom from fam- 
ily responsibilities and financial 
worries, emotional factors, de- 
creased exertion and increased rest, 
supervised intake of food and liq- 
uids, etc., which obviously affect 
the disease state as much or more 
than the climate itself. Psycho- 
metric evaluations, rather than 
chrometric variations, may ac- 
count for the differences. 
When the individual tactors 
believed responsible for climatic 


effects are considered, the intellec- 
tual environment becomes dense 
with the “smog” of conflicting re- 
ports in a myriad of observations. 
It was noted in one report that 
barometric influenced the 
symptoms of arthritic patients more 
than variations in temperature or 
humidity, but, in the same re 

it was stated that changes did not 
affect all patients in the same man- 
ner.’ By the diary method it was 
noted that some arthritics fe!t bet- 
ter with a rising barometer, while 
others improved when the barome- 
ter was falling. 

In an excellent review of the 
published record on effects of bar- 
ometric variations on both animals 
and man, Dordick? concludes: 
“There is no clear-cut evidence 
showing that variations of atmos- 
pheric pressure such as those asso- 
ciated with atmospheric ‘lows’ and 
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man disease, but there is a dearth 
of scientific observation under 
completely controlled conditions. 
Empiricism characterizes a tremen- 
dous proportion of the articles, 
some extolling the value of salt 
air, others, the mountains or the 
desert. Observations largely con- 
sist of two : diaries of indi- 
vidual patients who made day-to- 
day observations on the weather 
and how they felt with each 
change, and observations on the 
condition of patients removed from 
their natural climate to a “more 
favorable climate.” 

In the diary-type of observa- 
tions, correlations between the type 
of weather and the subjective status 
of the symptoms are drawn by the 
authors, and conclusions are based 
upon such findings. It is important 
to note that such correlations 
would never be accepted as sta- 
tistically significant by any statis- 
tician. 

Results from the second gen- 
eral type of study of weather effect 
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on disease are even less convinc- 
ing. Observers in a sanitarium or 

each having an especially 
favorable climate to extoll, have 
shown by multiple case histories 
how much the arthritis, or asthma, 
or hypertension, or whatever, im- 
proved when the patients were 
sent to the new environment. 

Little is mentioned of the 
other variables included in this 
change, such as freedom from fam- 
ily responsibilities and financial 
worries, emotional factors, de- 
creased exertion and increased rest, 
supervised intake of food and liq- 
uids, etc., which obviously affect 
the disease state as much or more 
than the climate itself. Psycho- 
metric evaluations, rather than 
psychrometric variations, may ac- 
count for the differences. 

When the individual tactors 
believed responsible for climatic 
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effects are considered, the intellec- 
tual environment becomes dense 
with the “smog” of conflicting re- 
ports in a myriad of observations. 
It was noted in one report that 
barometric ure influenced the 
symptoms of arthritic patients more 
than variations in temperature or 
humidity, but, in the same re 

it was stated that changes did not 
affect all patients in the same man- 
ner.’ By the diary method it was 
noted that some arthritics fe!t bet- 
ter with a rising barometer, while 
others improved when the barome- 
ter was falling. 

In an excellent review of the 
published record on effects of bar- 
ometric variations on both animals 
and man, Dordick? concludes: 
“There is no clear-cut evidence 
showing that variations of atmos- 
pheric pressure such as those asso- 
ciated with atmospheric ‘lows’ and 


Fig. 1 Designer 
of the Controlled 
Climate Cham- 
ber, John Ever- 


etts, Jr. (right), 
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‘highs’ have any unique effect upon 
the human .” He wisely adds 
that the well-known changes in 
symptoms experienced by many 
on the approach of weather 
changes cannot be attributed to 
pressure changes alone, since “total 
weather change” includes other 
variations as well. 

Chilling has been condemned 
for centuries as the factor which 
is primarily responsible for worsen- 
ing pain in arthritis,* yet many 

write about the evil effects of 
chilling mention dampness or hu- 
midity concomitantly. It is well 
known, however, that chilling can 
be produced by decreasing tem- 

ture, increasing rate of air 
movement (draft), decreasing the 
humidity, or any combination of 
such factors. Even with extremes 
of heat and high humidity, chilling 
can be produced by an electric 
fan trained on the lightly clad 
body of an individual who is per- 
spiring freely. Thus, chilling can- 
not be considered a single factor 
in weather control. 


Much of the recently pub- 
lished information on effects of 
climatic factors on human disease 
has focused on the degree of ion- 
ization of the air. The variety of 
methods of ucing ions in the 
air, and in the effects of such ions 
on human beings, both healthy and 
diseased, was well-illustrated in 
many conflicting reports at a re- 


cent ium on Air Ionization 
held in Philadelphia. Some reports 
su the findings of Korn- 


blueh* that negative ions in the 
air in heavy concentrations had a 
clinically beneficial effect on the 
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tory passages of patients 
with asthma and hay fever. Such 
patients had been exposed to the 
negative ionization knowingly, and 
for definite “treatment periods.” 
These results were controlled by 
similar periods without 
the ionizer turned on, but the psy- 
chological effect of any treatment 
on the patient was not controlled. 
It was also not determined by 
pollen counts or dust determina- 
tions whether the ionization merely 
acted as an electrostatic precipita- 
tor of air pollution. 
The foregoing criticism of 
research into effects of climatic 
factors on human disease is not 


Fig. 2 Nurse assists patient 
through submarine door into 
airlock of chamber. Note 
pressure valve in center of 
door 
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intended to be derogatory or scath- 
ing, but is intended to point out 
the many pitfalls in this type of 
research and show how necessary 
it is to have facilities for complete 
control of all possible psychro- 
metric factors at all times, and to 
have the patients completely 
“blind” as far as all variations are 
concerned, i.e., continuously con- 
fined in a room without visible 
evidence of apparatus or changing 
conditions. 

Although we have been en- 
abled, at long last, to control tem- 
perature, humidity, barometric 
pressure, rate of air movement and 
ionization in the Controlled Cli- 
mate Chamber, or “Climatron,” we 
still have not been able to solve 
the problem of complete objec- 
tivity in evaluation of effects on 
the patients themselves. This 
unusual facility wil) be described 
in some detail in this presentation, 
and our results so far will be inter- 
preted with the knowledge that 
lack of accurate measuring devices 
for calculation of effects may dis- 
tort the true facts. 

There is really nothing new 
about a controlled climate cham- 
ber, many of which were in use 
long before ours was conceived. 
Chambers for study of climatic 
effects on plants and animals are 
numerous, and many for study of 
extremes of climate on man have 
been in use for years, both in the 
research branches of the armed 
services and in such places as the 
Harvard Fatigue Lal 
Dr. Brouha’s chamber at the Has- 
kell Laboratories of the DuPont 


Company. 


ory and. 


Even the idea of making a 
controlled climate chamber suit- 
able for long-term occupancy by 
patients is not new, since Dr. 
Gunnar Edstrom of the University 
of Lund, in Sweden, used such a 


facility beginning nearly 20 years 
0. 
Pe: What is new about our facil- 


ity, however, is that we have a 
completely controlled chamber, for 
constant cy by two pa- 
tients, for either constant or var- 
iable conditions of temperature, 
humidity, barometric pressure, rate 
of air movement or ionization, 
which is placed in a hospital for 
the exclusive study of climatic 
effects on disease states. Edstrom’s 
chamber controlled only tempera- 
ture and humidity, and kept them 
completely constant. None of the 
others in which all factors are con- 
trolled was constructed for com- 
fortable continuous patient occu- 
pancy over weeks or months. 


Having become convinced, over 
the years, that there must be some- 
thing definite about the “weather 
effect” on disease, constructing and 
utilizing a completely controlled 
climate chamber seemed like the 
ideal means for determining which 
factor, or combination of oe 
] parameters, is responsible. 
dream of 4 cho 
ber was far from reality. First, a 
and an engineer with ingenuity 
had to be found. They San 

The National Institutes of 
Health were unable to support the 
project when +. to in 1953, 
which delayed project for a 
few years. As a physician, how- 
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ever, I was able to interest a num- 
ber of patients, relatives and friends 
in the idea and the money finally 
was available when the National 
Institutes of Health granted $30,- 
to s what had been 
ivate sources. 

~ ingenious engi- 
neer who could design and build 
the facility was the greatest stroke 
of good luck. Charles S. Leopold, 
whom most of you undoubtedly 
remember, worked in Philadelphia. 
He was immediately interested and 
helpful, and assigned another man 
from his staff to the This 
was current ASHRAE_ President 
John Everetts, Jr., who has been 
what I facetiously term my “part- 
ner in clime” since 1953. 

This man has proved to me 
that he is not just an engineer, but 
an “ingeneer, if I may be per- 
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mitted to coin a word designating 
one who has extreme ingenuity 
and resourcefulness. Since I am 
informed that he is known to this 
group, perhaps he will tell in dis- 
cussion some of the real engineer- 
ing problems and obstacles he 
overcame. I just told him what I 
wanted; he produced the results, 
no matter that they might have 
seemed impossible. 

The Controlled Climate Cham- 
ber, situated in the University of 
Pennsylvania Hospital, consists of 
a room for living and sleeping for 
two patients, a connecting bath- 
room and an airlock vestibule for 
entrance and exit. Walls, floor and 
ceiling are constructed of rein- 
f concrete. The window is 
completely sealed and consists of 
two layers of heavy plate glass. 
The room is comfortably large (15 


Fig. 3 Inside the 
chamber, Harold 
W. Schaefer (cen- 
ter) and Lloyd 
Staebler explain 
workings of ion 
counter to author 
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x 15 ft), decorated attractively as 
a hotel “studio twin” might be, but 
with a mural wall and a large mir- 
ror to avoid any feeling of claus- 
trophobia. The air is pumped into 
the chamber through multiple per- 
forations in the false ceiling and 
exhausted through ducts near the 
floor. 

The bathroom appears, super- 
ficially, like any other, but, because 
of atmospheric pressure differences 
with the external enviroment often 
maintained in the Chamber, some 
new devices in drainage were ne- 
cessitated. The construction and 
design of the sump tank, interior 
vent back to the room via activated 
charcoal filter, and automatic 
valves and ejector pumps is be- 
yond me — but it “works.” I don’t 
know which was more difficult, 
designing this or getting the ap- 
proval to build it from the Phila- 
delphia Department of Sanitation, 
who could not understand why it 
was necessary and ee Mr. Ever- 
etts insisted on the unheard-of use 
of valves in the soil lines. 


The airlock vestibule also 
called for considerable ingenuity. 
Air valves were inserted in sub- 
marine doors to use in equalizing 

ressure between outside and air- 
lock, then airlock and chamber on 
entry. It also took some teaching 
of our entire staff to convince them 
of the need to lock one door before 
the other was opened. 

Automatic recording devices 
on the control panel outside the 
chamber write a continuous record 
of temperature, dew point tem- 
perature, barometric pressure, rate 
of air movement, amount of fresh 
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air taken into the system, glycol 
temperature in the refrigerating 
units and the charge and concen- 
tration of air ions in the Clima- 
tron. Controls for programming 
the desired changes in tempera- 
ture, humidity, barometric pres- 
sure and rate of air movement are 
also located in the control panels. 

Ionization of the room air is 
generated by coronal discharge of 
high voltage from three small nee- 
dle ionizers in the ceiling of the 
room and powered by the genera- 
tor in the control panel. Counting 
of ions is accomplished by means of 
an Ebert ion counter in a cabinet 
in the center of the room, with the 
recorder writing the count on the 
kyomographic chart on the control 

el. The ion generator and the 
ion counter kindly were loaned to 
us by the Philco Corporation. 

Much of this remote control 
apparatus could more easily have 
been placed within the room, but 
I insisted that the patients must 
live in a room, not in a laboratory, 
to get a true “blind effect,” i.e., 
eliminating as much psychologic 
influence as possible from presence 
of apparatus in the room. 


The machinery for filtering 
coarse and fine particles from the 
air, removal of odors, cooling, re- 
heating, drying or humidifying, 
pressurizing and circulation of air 
is housed in the “engine room” be- 
low the chamber. In addition to 
all this apparatus and ductwork, 
the air compressor for the auto- 
matic controls, the plumbing con- 
nections and the sump tank and 
ejector pumps all vie for space in 
the 15 x 19-f room. This is both 
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a maze and for its com- 
plexity and the ability to pack so 
much and to do so many things in 
such a small . Until I saw 
this room I did not appreciate how 
much I was taxing the ingenuity 
of my “ingeneer.” It could com- 
pete with a submarine, an airliner 
or a guided missile in its total in- 
comprehensibility to a researching 
physician. 
Having described the appara- 
tus, in a truly amateurish way, I can 
to the parts of the experi- 
ment which I understand better. 
The apparatus permits me to keep 
all of the ers of climate 
constant in the chamber, or to 
change them at predetermined 
rates and amounts, completely 
without the knowledge of patients 
housed in the room. The subjects 


Fig. 4 Interior of 


are never informed of what is to 
be done. 

Two — at a time live 
continuously in the Climatron for 
observation periods of from 3 to 4 
weeks. Meals are brought in to 
them, as are supplies. They are 
permitted to have visitors (in fezt, 
one patient acted as baby-sitter in 
the for her granddaugh- 
ter left with her each evening 
while her daughter and son-in-law 
attended evening classes a block 
away in the University). Patients 
are entertained by radio and tele- 
vision, and crafts are supervised 
by our occupational-therapy de- 
partment. Since the incarceration 
makes adequate exercise difficult, 
the physical therapist provides in- 
struction in exercises frequently 
and we bring in a mechanical ex- 


apparatus room, showing 


S of coupled intake and exhaust fans on 
and refrigerating equipment (right) 
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erciser at times. Strange though it 
seems, these patients all have en- 
joyed their stay and many have 
volunteered for another period if 
we want them. Since they are 
volunteers, not in for treatment, 
we cannot charge them for this 
“vacation.” 

So far, ten patients with rheu- 
matoid arthritis, four patients with 
pulmonary emphysema and two 
with osteoarthritis have been stud- 
ied. All were chosen because they 
had been good “weather prophets” 
in complaining of increased dis- 
comfort before or during weather 
changes. 

Patients were paired by sex 
and as closely as possible by age 
level, type of disease and intelli- 
gence. Partners were observed by 
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Fig. 5 Portion of apparatus room showing 
ducts, steam pipes, etc., above, ejector pumps 


one of our psychiatrist colleagues, 
who observed that they “got along” 
well in all cases because ex- 
posed only about 10% of their rer- 
sonality to each other. Congiem 
strangers were paired, since friends 
would probably have been friends 
no longer at the end of the incar- 
ceration. 

All patients kept daily diaries, 
noting weight four 
times daily, fluid intake and out- 
put, periodic mouth temperature 
and the time and character of any 
change they noted in the environ- 
ment or in the oms or signs 


of the disease. At least once daily, 
each patient was evaluated by an 
experienced research physician for 
changes in strength, degree of joint 
tenderness, time taken to walk a 


for sump tank with controls; below, air com- 


pressor for automatic control system on right 


standard distance, blood pressure, 
pulse and respiration. The emphy- 
sema patients had lar determi- 
nations of vital capacity and other 

Imonary function tests conducted 
by the Section on Chest Diseases 
and Pulmonary Function Labora- 
tory of our hospital. More inten- 
sive and discriminating tests will 
be added when indicated. 

I have taken a long time get- 
ting around to reporting results for 
an especially good reason; they 
are not yet conclusive. The num- 
ber of patients is still too small, 
the possible utations and com- 
binations of our parameters of 
study have only been sampled and 
this study is planned for at least a 
five-year iod, of which we have 
only worked 10 months, so far. I 
shall not report any preliminary 
results in pulmonary emphysema 
since these are not in my province 
to divulge. Dr. Robert L. Mayock 
is in charge of this phase of study. 

Preliminary results in the ten 
patients with rheumatoid arthritis 
and the two with osteoarthritis, 
covering 296 patient-days of ob- 
servation, have shown that a con- 
stant climate in the chamber nulli- 
fies completely any effect of exter- 
nal weather changes as observed 
by the patients through the cham- 
ber window. Remarks in the diaries 
such as, “It’s raining today, and I 
didn’t feel it coming,” have been 
common. All riments started 
with 4 or 5 days of constant climate 
for baseline observations and psy- 
chological adjustment to the en- 
vironment of the chamber. 

Falling or rising barometric 
pressure, whether slow or rapid, 
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between 28.5 and 31 in. Hg, abso- 
lute, have, so far, shown no con- 
sistent effect on arthritic symptoms 
or signs. Other climatic factors 
were kept constant during this 
phase of observation. There has 
been an interesting effect on fluid 
balance of the body from these 
pressure changes, however. Intake 
and output charts and weight var- 
iations seem to indicate that there 
may be some fluid retention. with 
increasing pressure and increased 
fluid loss with falling pressures. 
This is not conclusive, as yet. 

Positive or negative air ioniza- 
tion, in concentrations as high as 
50,000 ions per ml of air, has 
duced as yet no detectable effect 
on arthritic symptoms or signs in 
any of the twelve patients. In fact, 
the patients were completely un- 
aware of any environmental 
change with even marked varia- 
tions of either atmospheric pres- 
sure or ionization. 

Whereas all patients could 
easily detect marked variations in 
temperature, humidity or rate of 
air movement in the degree of 
their general comfort, none of 
these parameters has so far pro- 
duced any consistent or significant 
effect on arthritic symptoms or 
signs when varied singly. Chilling 
did make some of the patients note 
increased stiffness and discomfort, 
however. Further observations are 
necessary on this point before con- 
clusions can be drawn. 

One of the more significant 
observations, so far, has been the 
increase in arthritic stiffness and 
soreness which consistently ap- 
peared the day following any ex- 
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ercise instruction by the physical 
therapist. She was instructed to 
visit the chamber without our 
knowledge some days of her choice 
and to omit visits on others. By 
diaries and examination we could 
detect each visit, with the attend- 
ant increase in physical activity by 
the patients, on the day following. 
It seems certain that unaccustomed 
physical activity, with weather fac- 
tors constant, invariably increases 
arthritic discomfort. We wish we 
could find a factor or combination 
of climatic factors which would as 
consistently reproduce this worsen- 
ing of symptoms, so we could 
study in more detail the “weather 
effect” on human disease. 

Thus, our experiments on 
twelve arthritics have shown only 
negative results from variation of 


single climatic factors. We must 
increase our data and include many 
combinations and degrees of var- 
iation of factors before we can 
conclusively reproduce a consist- 
ently detrimental weather combi- 
nation. When this is found, if it 
exists at all, we can then begin to 
study how it affects the bodily 
changes responsible for increased 
disease activity. Further studies 


are in progress. 
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Fifty years the 1911 Annual 
Meeting of American Society 
of Mechanical Engineers, Willis H. 
Carrier,’ then chief engineer of 
Buffalo Forge Company, stated: 


“A specialized engineering field 
has recently developed, techni- 
cally known as air conditioning, 
or the artificial regulation of at- 
mospheric moisture. The appli- 
cation of this new art to many 
varied industries has been dem- 
onstrated to be of greatest eco- 
nomic importance. When ap- 
plied to the blast furnace, it has 
increased the net profit in the 
ey of pig iron from 

50 to $0.70 per ton, and in 
the textile mill it has increased 
the output from 5 to 15%, at the 
same time tly improving the 
quality and the hygienic condi- 
tions surrounding the operative. 
In many other industries, such 


as lithographing, the manufac- 
ture of candy, bread, high explo- 
sive and photographic films, and 
the drying and preparing of 
delicate hygroscopic materials, 
such as macaroni and tobacco, 
the question of humidity is 
equally important. While air 
conditioning has never been 
properly applied to coal mines, 
the author is convinced that if 
this were made compulsory, the 
greater number of mine explo- 
sions would be prevented.” 


Carrier then presented a ra- 
tional psychrometric formula and 
a psychrometric chart (Fig. 1) by 
which the properties and energy 
relations of moist air could be de- 
termined from readings of the wet 
bulb and dry bulb thermometers. 
This chart made it possible, for the 
first time, to solve air conditioning 
problems with considerable accu- 
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racy and with minimum calcula- 
tions. 

Carrier made his analysis in 
1903, but tvo years after gradua- 
tion from “Cornell University, and 
began his confirming tests in 1904. 
He credited Apjohn* with having 
expounded a similar theory in 1836. 
Apjohn’s theory, however, was in 
an imperfect form and he was un- 
able to prove his assumptions. Nor 
was Carrier the first to publish a 

chrometric chart. Grosvenor,’ 
in 1908, published an elaborate 
chart which, however, did not es- 
tablish wet bulb lines. 

As might be expected, Car- 
rier’s use and dissemination of a 
psychrometric chart preceded, by 
several years, the date of actual 
publication. His “hydrometric 
chart” appeared in a catalog (Air 
Washer Humidifier) the 
Buffalo Forge Company copy- 
righted in 1906. Mr. Logan Lewis, 
a co-worker, recalls that Mr. Car- 
rier produced a blueprinted chart 
around 1904. This paper will re- 
view the major advances in psy- 
chrometric since Carrier's 
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original contribution. 

At best, the psychrometric 
chart is a rather complex arrange- 
ment of coordinates and 
ters. As a minimum, it must display 
six variab.es: dry bulb tempera- 
ture, wet bulb temperature, mois- 
ture content (specific humidity), 
enthalpy, relative humidity and 
— volume. Over the years 
chart makers have had divergent 
views on the desired arrangement 
of these variables with the result 
that charts have taken many forms, 
—t that shown in Fig. 2. The 
trend, however, has generally 
returned to Carrier’s original ar- 
rangement. A new chart recently 
adopted, after much study, by the 
American Society of Heating, Re- 
frigerating and Air-Conditioning 
Engineers, also follows this form. 

A most consistent problem in 
the construction of psychrometric 
charts is the nearly parallel rela- 
tion of wet bulb id enthalpy lines, 
making it difficult to display both 
sets of lines without confusion. 
Carrier’s original paper carried an 
unusual solution to this problem 


Fig. 1 Diagram of W. H. 
Carrier’s 1911 Psychrometric 
Chart. This chart marked 
the beginning of modern air 
conditioning practice. Note 
the use of “total heat.” “En- 
thalpy” had not come into 
use at that time. “Sigma 
heat” was a function devised 
by Carrier that remains con- 
stant along the wet bulb line 
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Although medical annals contain man disease, but there is a dearth 


many reports indicating that 
weather conditions affect many 
human disease states, facilities for 
complete control of all climatic 
factors for continuous observation 
on human patients have been lack- 
ing. Utilizing a universal Con- 
trolled Climate Chamber, in which 
two patients at a time have been 
confined continuously for periods 
of 3 t> 4 weeks, individual varia- 
tions in temperature, humidity, 
barometric pressure and atmos- 
pheric ionization have been stud- 
ied on twelve arthritic patients. 
Preliminary results, not yet con- 
clusive, indicate that no single fac- 
tor is responsible for the “weather 
effect” experienced by these indi- 
viduals. 

Shelves of medical libraries 
are filled with volumes dealing 
with the effects of climate on hu- 


This study was made possible by grants from 
the Arthritis and Rheumatism Foundation, the 
National Fund for Medical Education, and 
Grant A5322 of the National Institute of 
Arthritis and Metabolic Diseases, U. S. Depart- 
ment of Health, Education and Welfare. 


of scientific observation under 
completely controlled conditions. 
Empiricism characterizes a tremen- 
dous proportion of the articles, 
some extolling the value of salt 
air, others, the mountains or the 
desert. Observations largely con- 
sist of two : diaries of indi- 
vidual patients who made day-to- 
day observations on the weather 
and how they felt with each 
change, and observations on the 
condition of patients removed from 
their climate to a “more 
favorable climate.” 

In the diary-type of observa- 
tions, correlations between the type 
of weather and the subjective status 
of the symptoms are drawn by the 
authors, and conclusions are based 
upon such findings. It is important 
to note that such correlations 
would never be accepted as sta- 
tistically significant by any statis- 
tician. 

Results from the second gen- 
eral type of study of weather effect 
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on disease are even less convinc- 
ing. Observers in a sanitarium or 
each having an especially 
favorable climate to extoll, have 
shown by multiple case histories 
how much the arthritis, or asthma, 
or hypertension, or whatever, im- 
ed when the patients were 
sent to the new environment. 
Little is mentioned of the 
other variables included in this 
change, such as freedom from fam- 
ily responsibilities and financial 
worries, emotional factors, de- 
creased exertion and increased rest, 
su i intake of food and liq- 
uids, etc., which obviously affect 
the disease state as much or more 
than the climate itself. Psycho- 
metric evaluations, rather than 
chrometric variations, may ac- 
count for the differences. 
When the individual tactors 
believed responsible for climatic 
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effects are considered, the intellec- 
tual environment becomes dense 
with the “smog” of conflicting re- 
ports in a myriad of observations. 
It was noted in one report that 
barometric ure influenced the 
symptoms of arthritic patients more 
than variations in temperature or 
humidity, but, in the same ~ pa 
it was stated that changes did not 
affect all patients in the same man- 
ner.’ By the diary method it was 
noted that some arthritics fe!t bet- 
ter with a rising barometer, while 
others improved when the barome- 
ter was falling. 

In an excellent review of the 
published record on effects of bar- 
ometric variations on both animals 
and man, Dordick? concludes: 
“There is no clear-cut evidence 
showing that variations of atmos- 
pheric pressure such as those asso- 
ciated with atmospheric ‘lows’ and 


Fig. 1 Designer 
of the Controlled 
Climate Cham- 
ber, John Ever- 
etts, Jr. (right), 

the con- 


panel with 
the author 


‘highs’ have any unique effect upon 


the human <i He wisely adds 
that the well-known changes in 


symptoms experienced by many 
on the approach of weather 
changes cannot be attributed to 
pressure changes alone, since “total 
weather change” includes other 
variations as well. 

Chilling has been condemned 
for centuries as the factor which 
is primarily responsible for worsen- 
ing pain in arthritis,» yet many 

© write about the evil effects of 
chilling mention dampness or hu- 
midity concomitantly. It is well 
known, however, that chilling can 
be produced by decreasing tem- 
perature, increasing rate of air 
movement (draft), decreasing the 
humidity, or any combination of 
such factors. Even with extremes 
of heat and high humidity, chilling 
can be produced by an electric 
fan trained on the lightly clad 
body of an individual who is per- 
spiring freely. Thus, chilling can- 
not be considered a single factor 
in weather control. 


Much of the recently pub- 
lished information on effects of 
climatic factors on human disease 
has focused on the degree of ion- 
ization of the air. The variety of 
methods of producing ions in the 
air, and in P ws effects of such ions 
on human beings, both healthy and 
diseased, was well-illustrated in 
many conflicting reports at a re- 
held in Philadelphia. ‘Some reports 

in Phila ia. Some re 
su the findings of Sete. 
blueh* that negative ions in the 
air in heavy concentrations had a 
clinically beneficial effect on the 
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tory — of patients 
with asthma and hay fever. Such 
patients h»d been exposed to the 
negative ionization knowingly, and 
for defini*« “treatment periods.” 
These results were controlled by 
similar periods without 
the ionizer turned on, but the psy- 
chological effect of any treatment 
on the patient was not controlled. 
It was also not determined by 
pollen counts or dust determina- 
tions whether the ionization merely 
acted as an electrostatic precipita- 
tor of air pollution. 
The foregoing criticism of 
research into effects of climatic 
factors on human disease is not 


Fig. 2 Nurse assists patient 
through submarine door into 
airlock of chamber. Note 
pressure valve in center of 
door 
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intended to be derogatory or scath- 
ing, but is intended to point ovt 
the many pitfalls in this type of 
research and show how necessary 
it is to have facilities for complete 
control of all possible psychro- 
metric factors at all times, and to 
have the patients completely 
“blind” as far as all variations are 
concerned, i.e., continuously con- 
fined in a room without visible 
evidence of apparatus or changing 
conditions. 

Although we have been en- 
abled, at long last, to control tem- 
perature, humidity, barometric 
pressure, rate of air movement and 
ionization in the Controlled Cli- 
mate Chamber, or “Climatron,” we 
still have not been able to solve 
the problem of complete objec- 
tivity in evaluation of effects on 
the patients themselves. This 
unusual facility will be described 
in some detail in this presentation, 
and our results so far will be inter- 
eee with the knowledge that 

of accurate measuring devices 
for calculation of effects may dis- 
tort the true facts. 

There is really nothing new 
about a controlled climate cham- 
ber, many of which were in use 
long before ours was conceived. 
Chambers for study of climatic 
effects on plants and animals are 
numerous, and many for study of 
extremes of climate on man have 
been in use for years, both in the 
research branches of the armed 
services and in such places as the 
Harvard Fatigue and. 


Dr. Brouha’s chamber at the Has- 
kell Laboratories of the DuPont 


Company. 


Even the idea of making a 
controlled climate chamber suit- 
able for long-term occupancy by 
patients is not new, since Dr. 
Gunnar Edstrom of the University 
of Lund, in Sweden, used such a 
facility beginning nearly 20 years 
ago. 
What is new about our facil- 
ity, however, is that we have a 
completely controlled chamber, for 
constant by two pa- 
tients, for either constant or var- 
iable conditions of temperature, 
humidity, barometric pressure, rate 
of air movement or ionization, 
which is placed in a hospital for 
the exclusive study of climatic 
effects on disease states. Edstrom’s 
chamber controlled only tempera- 
ture and humidity, and kept them 
completely constant. None of the 
others in which all factors are con- 
trolled was constructed for com- 
fortable continuous patient occu- 
pancy over weeks or months. 


Having become convinced, over 
the years, that there must be some- 
thing definite about the “weather 
effect” on disease, constructing and 
utilizing a completely controlled 
climate chamber seemed like the 
ideal means for determining which 
factor, or combination of meteoro- 
] parameters, is responsible. 
torte dream of such a cham- 
ber was far from reality. First, a 
and an engineer with ingenuity 
had to be found. They com. 

The National Institutes of 
Health were unable to support the 
project when applied to in 1953, 
which delayed the project for a 
few years. As a physician, how- 
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ever, I was able to interest a num- 
ber of patients, relatives and friends 
in the idea and the money finally 
was available when the National 
Institutes of Health granted $30,- 
000 to supplement what had been 
gleaned from private sources. 

Finding the ingenious engi- 
neer who could design and build 
the facility was the greatest stroke 
of good luck. Charles S. Leopold, 
whom most of you undoubtedly 
remember, worked in Philadelphia. 
He was immediately cintvorted and 
helpful, and assigned another man 
from his staff to the project. This 
was current ASHRAE President 
John Everetts, Jr., who has been 
what I facetiously term my “part- 
ner in clime” since 1953. 

This man has proved to me 
that he is not just an engineer, bur 
an “ingeneer, if I may be per- 
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mitted to coin a word designating 
one who has extreme ingenuity 
and resourcefulness. Since I am 
informed that he is known to this 
group, perhaps he will tell in dis- 
cussion some of the real engineer- 
ing problems and obstacles he 
overcame. I just told him what I 
wanted; he produced the results, 
no matter that they might have 
seemed impossible. 

The Controlled Climate Cham- 
ber, situated in the University of 
Pennsylvania Hospital, consists of 
a room for living and sleeping for 
two patients, a connecting bath- 
room and an airlock vestibule for 
entrance and exit. Walls, floor and 
ceiling are constructed of rein- 
forced concrete. The window is 
completely sealed and consists of 
two layers of heavy plate glass. 
The room is comfortably large (15 


Fig. 3 Inside the 
chamber, Harold 
W. Schaefer (cen- 
ter) and Lloyd 
Staebler explain 
workings of ion 
counter to author 
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x 15 ft), decorated attractively as 
a hotel “studio twin” might be, but 
with a mural wall and a large mir- 
ror to avoid any feeling of claus- 
trophobia. The air is pumped into 
the chamber through multiple per- 
forations in the false ceiling and 
exhausted through ducts near the 
floor. 

The bathroom appears, super- 
ficially, like any other, but, because 
of atmospheric pressure differences 
with the external enviroment often 
maintained in the Chamber. some 
new devices in drainage were ne- 
cessitated. The construction and 
design of the sump tank, interior 
vent back to the room via activated 
charcoal filter, and automatic 
valves and ejector pumps is be- 
yond me — but it “works.” I don't 
know which was more difficult, 
designing this or getting the ap- 
proval to build it from the Phila- 
delphia Department of Sanitation, 
who could not understand why it 
was necessary and i Mr. Ever- 
etts insisted on the unheard-of use 
of valves in the soil lines. 

The airlock vestibule also 
called for considerable ingenuity. 
Air valves were inserted in sub- 
marine doors to use in equalizing 
pressure between outside and air- 
lock, then airlock and chamber on 
entry. It also took some teaching 
of our entire staff to convince them 
of the need to lock one door before 
the other was opened. 

Automatic recording devices 
on the control panel outside the 
chamber write a continuous record 
of temperature, dew point tem- 
perature, barometric pressure, rate 
of air movement, amount of fresh 
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air taken into the system, glycol 
temperature in the refrigerating 
units and the charge and concen- 
tration of air ions in the Clima- 
tron. Controls for programming 
the desired changes in tempera- 
ture, humidity, barometric pres- 
sure and rate of air movement are 
also located in the control panels. 

Ionization of the room air is 
generated by coronal discharge of 
high voltage from three small nee- 
dle ionizers in the ceiling of the 
room and powered by the genera- 
tor in the control panel. Counting 
of ions is accomplished by means of 
en Ebert ion counter in a cabinet 
in the center of the room, with the 
recorder writing the count on the 
kyomographic chart on the control 
panel. The ion generator and the 
ion counter kindly were loaned to 
us by the Philco Corporation. 

Much of this remote control 
apparatus could more easily have 
been placed within the room, but 
I insisted that the patients must 
live in a room, not in a laboratory, 
to get a true “blind effect,” i.e., 
eliminating as much psychologic 
influence as possible from presence 
of apparatus in the room. 


The machinery for filtering 
coarse and fine particles from the 
air, removal of odors, cooling, re- 
heating, drying or humidifying, 
pressurizing and circulation of air 
is housed in the “engine room” be- 
low the chamber. In addition to 
all this apparatus and ductwork, 
the air compressor for the auto- 
matic controls, the plumbing con- 
nections and the sump tank and 
ejector pumps all vie for space in 
the 15 x 19-ft room. This > both 
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a maze and ing for its com- 
plexity and the ability to pack so 
much and to do so many things in 
such a small space. Until I saw 
this room I did not appreciate how 
much I was taxing the ingenuity 
of my “ingeneer.” It could com- 
pete with a submarine, an airliner 
or a guided missile in its total in- 
comprehensibility to a researching 
physician. 
Having described the appara- 
tus, in a truly amateurish way, I can 
to the of the experi- 
ment which I understand better. 
The apparatus permits me to keep 
all of the parameters of climate 
constant in the chamber, or to 
change them at predetermined 
rates and amounts, completely 
without the knowledge of patients 
housed in the room. The subjects 


Fig. 4 Interior of 
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are never informed of what is to 
be done. 

Two — at a time live 
continuously in the Climatron for 
observation periods of from 3 to 4 
weeks. Meals are brought in to 
them, as are supplies. They are 
permitted to have visitors (in fact, 
one patient acted as baby-sitter in 
the for her granddaugh- 
ter left with her each evening 
while her daughter and son-in-law 
attended evening classes a block 
away in the University). Patients 
are entertained by radio and tele- 
vision, and crafts are supervised 
by our occupational-therapy de- 
partment. Since the incarceration 
makes adequate exercise difficult, 
the physical therapist provides in- 
struction in exercises frequently 
and we bring in a mechanical ex- 


apparatus room, showing 


of coupled intake and exhaust fans on 


Meét and refrigerating equipment (right) 
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erciser at times. Strange though it 
seems, these patients all have en- 
joyed their stay and many have 
volunteered for another period if 
we want them. Since they are 
volunteers, not in for treatment, 
we cannot charge them for this 
“vacation.” 

So far, ten patients with rheu- 
matoid arthritis, four patients with 
pulmonary emphysema and two 
with osteoarthritis have been stud- 
ied. All were chosen because they 
had been good “weather prophets” 
in complaining of increased dis- 
comfort before or during weather 
changes. 

Patients were paired by sex 
and as closely as possible by age 
level, type of disease and intelli- 
gence. Partners were observed by 
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one of our psychiatrist colleagues, 
who observed that they “got along” 
well in all cases because they ex- 
posed only about 10% of their per- 
sonality to each other. Complete 
strangers were paired, since friends 
would probably have been friends 
no longer at the end of the incar- 
ceration. 

All fen kept daily diaries, 
independently, noting weight four 
times daily, fluid intake and out- 
put, periodic mouth temperature 
and the time and character of any 
change they noted in the environ- 
ment or in the symptoms or signs 
of the disease. At least once daily, 
each patient was evaluated -by an 
experienced research physician for 
changes in strength, degree of joint 
tenderness, time taken to walk a 


Fig. 5 Portion of apparatus room showing 
ducts, steam pipes, etc., above, ejector pumps 
for sump tank with controls; below, air com- 
pressor for automatic control system on right 
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standard distance, blood pressure, 
pulse and respiration. The emphy- 
sema patients had regular determi- 
nations of vital capacity and other 

Imonary function tests conducted 
by the Section on Chest Diseases 
and Function Labora- 
tory of our hospital. More inten- 
sive and discriminating tests will 
be added when indicated. 

I have taken a long time get- 
ting around to reporting results for 
an especially good reason; they 
are not yet conclusive. The num- 
ber of patients is still too small, 
the possible utations and com- 
binations of our parameters of 
study have only been sampled and 
this study is planned for at least a 
five-year iod, of which we have 
only worked 10 months, so far. I 
shall not report any preliminary 
results in pulmonary emphysema 
since these are not in my province 
to divulge. Dr. Robert L. Mayock 
is in charge of this phase of study. 

Preliminary results in the ten 
patients with rheumatoid arthritis 
and the two with osteoarthritis, 
covering 296 patient-days of ob- 
servation, have shown that a con- 
stant climate in the chamber nulli- 
fies completely any effect of exter- 
nal weather changes as observed 
by the patients through the cham- 
ber window. Remarks in the diaries 
such as, “It’s raining today, and I 
didn’t feel it coming,” have been 
common. All experiments started 
with 4 or 5 days of constant climate 
for baseline observations and psy- 
chological adjustment to the en- 
vironment of the chamber. 

Falling or rising barometric 
pressure, whether slow or rapid, 
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between 28.5 and 31 in. Hg, abso- 
lute, have, so far, shown no con- 
sistent effect on arthritic symptoms 
or signs. Other climatic factors 
were kept constant during this 
of observation. There has 
been an interesting effect on fluid 
balance of the body from these 
pressure changes, however. Intake 
and output charts and weight var- 
iations seem to indicate that there 
may be some fluid retention. with 
increasing pressure and increased 
fluid loss with falling pressures. 
This is not conclusive, as yet. 

Positive or negative air ioniza- 
tion, in concentrations as high as 
50,000 ions per ml of air, has 
duced as yet no detectable effect 
on arthritic symptoms or signs in 
any of the twelve patients. In fact, 
the patients were completely un- 
aware of any environmental 
change with even marked varia- 
tions of either atmospheric pres- 
sure or ionization. 

Whereas all patients could 
easily detect marked variations in 
temperature, humidity or rate of 
air movement in the degree of 
their general comfort, none of 
these eters has so far pro- 
duced any consistent or significant 
effect on arthritic symptoms or 
signs when varied singly. Chilling 
did make some of the patients note 
increased stiffness ce discomfort, 
however. Further observations are 

on this point before con- 
clusions can be drawn. 

One of the more significant 
observations, so far, has been the 
increase in arthritic stiffness and 
soreness which consistently ap- 
peared the day following any ex- 
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ercise instruction by the physical 
therapist. She was instructed to 
visit the chamber without our 
knowledge some days of her choice 
and to omit visits on others. By 
diaries and examination we could 
detect each visit, with the attend- 
ant increase in physical activity by 
the patients, on the day following. 
It seems certain that unaccustomed 
physical activity, with weather fac- 
tors constant, invariably increases 
arthritic discomfort. We wish we 
could find a factor or combination 
of climatic factors which would as 
consistently reproduce this worsen- 
ing of symptoms, so we could 
study in more detail the “weather 
effect” on human disease. 

Thus, our experiments on 
twelve arthritics have shown only 
negative results from variation of 
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single climatic factors. We must 
increase our data and include many 
combinations and de of var- 
iation of factors before we can 
conclusively reproduce a consist- 
ently detrimental weather combi- 
nation. When this is found, if it 
exists at all, we can then begin to 
study how it affects the bodily 
change: responsible for increased 
disease activity. Further studies 


are in progress. 
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Psychrometric Charts in Review 
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Fifty years ago at the 1911 Annual 
es | of the American Society 
of Mechanical Engineers, Willis H. 
Carrier,’ then chief engineer of 
Buffalo Forge Company, stated: 


“A specialized engineering field 
has recently developed, techni- 
cally known as air conditioning, 
or the artificial regulation of at- 
mospheric moisture. The appli- 
cation of this new art to many 
varied industries has been dem- 
onstrated to be of greatest eco- 
nomic importance. When a 
plied to the blast furnace, it has 
increased the net profit in the 
aap of pig iron from 
50 to $0.70 per ton, and in 
the textile mill it has increased 
the output from 5 to 15%, at the 
same time ——_ improving the 
quality and the hygienic condi- 
tions surrounding the operative. 
In many other industries, such 
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as lithographing, the manufac- 
ture of candy, bread, high explo- 
sive and photographic films, and 
the drying and preparing of 
delicate hygroscopic materials, 
such as macaroni and tobacco, 
the question of humidity is 
pot important. While air 
conditioning has never been 
rly applied to coal mines, 
convinced that if 
this were made compulsory, the 
greater number of mine explo- 
sions would be prevented.” 


Carrier then nted a ra- 
tional psychrometric formula and 
a psychrometric chart (Fig. 1) by 
which the properties and energy 
relations of moist air could be de- 
termined from a of the wet 
bulb and dry bulb thermometers. 
This chart made it possible, for the 
first time, to solve air conditioning 
problems with considerable accu- 
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tions. 

Carrier made his analysis in 
1903, but two years after gradua- 
tion from Cornell University, and 
began his confirming tests in 1904. 
He credited Apjohn*? with having 
expounded a similar theory in 1836. 
Apjohn’s theory, however, was in 
an imperfect form and he was un- 
able to prove his assumptions. Nor 
was Carrier the first to publish a 
psychrometric chart. Grosvenor,* 
in 1908, published an elaborate 
chart which, however, did not es- 
tablish wet bulb lines. 

As might be expected, Car- 
rier’s use and dissernination of a 
psychrometric chart preceded, by 
several years, the date of actual 
publication. His “hydrometric 
chart” a in a catalog (Air 
Washer and Humidifier) of the 
Buffalo Forge Company copy- 
righted in 1906. Mr. Logan Lewis, 
a co-worker, recalls that Mr. Car- 
rier produced a blueprinted chart 
around 1904. This paper will re- 
view the major advances in psy- 
chrometric c since Carrier's 


TOTAL HEAT (SIGMA HEAT) 
HEAT (S 


PsycHROMETRiIcC CHaARTs IN Review By D. D. WILE 


racy and with minimum calcula- 
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original contribution. 

At best, the psychrometric 
chart is a rather complex arrange- 
ment of coordinates and parame- 
ters. As a minimum, it must display 
six variables: dry bulb tempera- 
ture, wet bulb temperature, mois- 
ture content (specific humidity), 
enthalpy, relative humidity and 
volume. Over the years 
chart makers have had divergent 
views on the desired arrangement 
of these variables with the result 
that charts have taken many forms, 
rm that shown in Fig. 2. The 
trend, however, has generally 
returned to Carrier's original ar- 
rangement. A new chart recently 
adopted, after much study, by the 
American Society of Heating, Re- 
frigerating and Air-Conditioning 
Engineers, also follows this form. 

A most consistent problem in 
the construction of psychrometric 
charts is the nearly parallel rela- 
tion of wet bulb vi enthalpy lines, 
making it difficult to display both 
sets of lines without confusion. 
Carrier’s original paper carried an 
unusual solution to this problem 


Fig. 1 Diagram of W. H. 
Carrier’s 1911 Psychrometric 
Chart. This chart marked 
the beginning of modern air 
conditioning practice. Note 
the use of “total heat.” “En- 
thalpy” had not come into 
use at that time. “Si 

heat” was a function devised 
by Carrier that remains con- 
stant along the wet bulb line 
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and since then there have been 
many other a ches. The situa- 
tion has not without contro- 


versy; therefore, a brief review of 
the underlying factors appears in 
order 


The wet bulb temperature was 
defined by Carrier as “The Tem- 
perature of Adiabatic Saturation.” 
This process can be visualized in 
simple form as air moving through 
an insulated tube having wetted 
wicks or other saturating devices. 
As the air picks up moisture, there 
is an interchange of sensible and 
latent heat whereby the dry bulb 
temperature of the air is reduced. 
Wet bulb thermometers along the 
path of the air will show substan- 
tially the same readings even 
though the air enters dry and 
leaves saturated. Water in the 
saturator will assume the wet bulb 
temperature and if the process is 
continuous, water must be added 
at the wet bulb temperature. It is 
significant that in this process there 
will be an increase of enthalpy in 
an amount supplied by the make- 
up water. Thus, on a psychromet- 


Fig.2 Diagram of the C. A. 
Bulkley Chart Using Non- 
Uniform Scales. The various 
coordinates and parameters 
of a psychrometric chart can 
be placed in innumerable ar- 
rangements. The modified 
logarithmic scales of this 
chart provided more uniform 
accuracy over a wide range 
of temperature and humid- 
ity but the chart was un- 
suited for graphic solution of 


ASHRAE 


ric chart, a line of constant wet 
bulb temperature is not a line of 
constant enthalpy but deviates 
slightly from it. Numerous expedi- 
ents have been introduced to either 
eliminate the enthalpy lines or to 
orient them to a less confusing 
tion. 

Carrier used the term “Sigma 
Heat” to define a function that re- 
mains constant along the wet bulb 
line. It was the enthalpy of the 
moist air minus the heat of the 
liquid contained in it. Enthalpy 
was computed easily by adding the 
sensible heat of the liquid to the 
“Sigma Heat.” By including a 
“Sigma Heat” scale (see Fig. 1), the 
Carrier chart thus provided en- 
thalpy data without the necessity 
of showing the enthalpy lines that 
are so nearly parallel to the wet 
bulb lines. The “Sigma Heat” con- 
cept was used for many years by 
Carrier Corporation and others. 
Frequently, in making load calcu- 
lations in the comfort air condi- 
tioning range, the corrections to 
“Sigma Heat” were ignored because 
the deviations tended to offset one 
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another and the resulting error was 
enerally less than 2% of the total 
oad. 

A new approach for eliminat- 
ing enthalpy lines was introduced 
in 1934 on a copyrighted chart by 
F. O. Urban of General Electric 
Company. Urban used a diagonal 
enthalpy scale and, instead of a 
grid of enthalpy lines, he extended 
the wet bulb lines from the satura- 
tion curve to this scale and thus 
indicated “enthalpy at saturation.” 
True enthalpy could be obtained 
from “enth at saturation” by 
deducting the difference in enthalpy 
of the moisture contents at satura- 
tion and at the state point. In 
comfort air conditioning calcula- 
tions, this correction usually was 
ignored with but slight error. 
Chart users preferred the “En- 
thalpy at Saturation” arrangement 
and eventually the “Sigma Heat” 
concept fell into disuse except for 
variable elevation charts, as ex- 
plained later. There remained, 
however, a real need for a practical 
chart showing true enthalpy with- 
out the confusion of the nearly 
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parallel lines. Two notable solu- 
tions will be discussed. 

In 1945, Goff* introduced a 
chart with “reduced enthalpy” 
lines, actual enthalpy being ob- 
tained by adding. one thousand 
times the moisture content to the 
“reduced enthalpy” value. This 
device required additional calcu- 
lations (even for approximate re- 
sults) and although it rotated the 
“reduced enthalpy” lines away 
from the wet bulb lines, they be- 
came somewhat parallel to the dry 
bulb lines. 

In 1946, Palmatier® devised 
“enthalpy deviation” contours on a 
chart (Fig. 3) that used the “en- 
thalpy at saturation” concept. These 
show at a glance the deviation of 
enthalpy along the wet bulb lines. 
The contours are widely spaced to 
avoid complication of the chart 
structure, yet permit accurate de- 
termination of true enthalpy. They 
also indicate the magnitude of 
error if the deviations are ignored 
and can be applied to tabular data 
(enthalpy at saturation) when more 
precise values are required. The 


Fig. 3 Diagram of the New 
ASHRAE Chart. Enthalpy 
deviation contours, as shown 
dotted, permit accurate de- 
termination of enthalpy while 
avoiding the confusion of 
the enthalpy lines which are 
so nearly parallel to the wet 
bulb lines 
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new ASHRAE chart rates 
the enthalpy deviation concept. 

Usage of psychrometric charts 
may be divided into two general 
classes. Most frequently the use is 
to determine certain physical prop- 
erties from known measurements, 
such as finding relative humidity, 
enthalpy, specific volume and mois- 
ture content when only the wet 
and dry bulb temperatures are 
known. A more sophisticated use 
is to show the result of mixing 
unlike streams of air or to show 
the path, on the chart, of a stream 
of air as heat and moisture are 
added or removed. This latter 
usage uires, for precise results, 
that the chart construction be ther- 
modynamically sound. 

Carrier's original chart, and 
for many years those that followed, 
used coordinates of moisture con- 
tent and dry bulb temperature. 
Such a chart will give accurate 
values for the properties of air at 
a given point. However, a straight 
line between two points does not 
indicate precisely the state of mix- 
tures between the points. Fortu- 
nately, the error is negligible in the 
comfort air conditioning range. 

In 1923, Mollier,*:? of steam 
chart fame, proposed coordinates 
of enthalpy and moisture content, 
with dry bulb as a parameter. If 
the enthalpy coordinate is at an 
oblique angle, the chart will have 
the conventional appearance, with 
the exception that the dry bulb 


lines are not exactly parallel with 
each other but diverge slightly 
with increasing moisture content 
(Fig. 4). On a chart such as the 
new ASHRAE chart covering the 
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Fig. 4 Dry Bulb Lines Di- 
verge on a Chart That Is 
Thermodynamically Sound. 
Modern practice is to use 
coordinates of moisture con- 
tent (horizontal) and enthalpy 
(at an oblique angle). 

divergence of the dry bulb 
lines, here shown exagger- 
ated, is hardly detectable to 
the eye on charts for the 
usual air conditioning range 


usual air conditioning temperature 
range the divergence of the dry 
bulb lines is hardly detectable to 
the eye. 

A chart constructed with en- 
thalpy as one of the coordinates 
need not retain the enthalpy lines 
within the body of the chart where 
they are so nearly parallel to the 
wet bulb lines. Thus, the use of 
enthalpy as one of the coordinates, 
in place of dry bulb temperature, 
produces a chart that is thermo- 
dynamically sound without adding 
complications or radically chang- 
ing the general arrangement. 

Since the properties of moist 
air vary with barometric pressure, 
the conventional psychrometric 
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SATURATION CURVES 
FOR VARIOUS 
PRESSURES 


ORY BULB 


Fig. 5 The Variable Eleva- 
tion Chart. Charts with mul- 
tiple saturation curves cover 
a wide range of elevations 
but are inconvenient to use. 
Wet bulb lines take on differ- 
ent values for each elevation, 
their slope being determined 


by Carrier’s “sigma heat” 


concept. For day-to-day use 
at a specific elevation, it is 
generally desirable to con- 
struct a chart for that eleva- 
tion 


chart (usually constructed for sea- 
level barometric pressure) will give 
erroneous results at other eleva- 
tions.* In an ordinary air condi- 
tioning calculation the load may 
be in or 10% if the elevation 


is 4000 ft different from the chart 
basis. 

Variable elevation charts have 
been published by numerous au- 
including an excellent 
example by the Bureau of Mines" 
in 1947. These charts have a fam- 
ily of saturation curves for various 
elevations, as shown in Fig. 5. Wet 
bulb lines cannot be identified as 
such but must be replaced by 
adiabatic saturation (Carrier’s Sig- 
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ma Function) lines. These lines 
take on the wet bulb temperature 
indicated by the intersection of dry 
bulb lines with the saturatien 
curve for any specific elevation. 

The variable elevation chart 
is excellent for occasional refer- 
ence but is inconvenient for day- 
to-day use at a specific elevation. 
It is more convenient to construct 
a chart for such use from data that 
are readily available.‘ 

Carrier’s historic paper, with 
proof of his assumptions, along 
with his practical §psychrometric 
chart and psychrometric data, laid 
a sound foundation for an industry 
that has grown far beyond his 
optimistic predictions. As a pio- 
neer in a new industry, he not only 
promoted its with great 
zeal but he unselfishly made his 
knowledge available to others. He 
truly deserved the title “The Father 
of Air Conditioning.” 
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A. B. Stickney, (Presidential Member), Flushing, N. Y. 1932 
William R. Stockwell, (Life Member), Michigan City, Ind. 1901 
A. G. Sutcliffe, (Life Member), Park Ridge, Il. 1922 
R. H. Sweeney, Minneapolis, Minn. 1939 
Adolph G. Syska, Bronxville, N. Y. 1933 
Thomas G. Thurston, (Life Member), Elmwood Park, Ill. 1921 
Francis M. Tompkins, Washington, D. C. 1944 
J. G. Trawick, Birmingham, Ala. 
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In Memoriam 1961 (continued) 


NAME JOINED 
R. E. Vernon, Jackson, Miss. 1953 
Robert J. Waalkes, Holland, Mich. 1953 
Jack H. Waggoner, Newark, Ohio 1937 
William J. Way II, Houston, Tex. 1941 
Wendell Westover, Albany, N. Y. 1936 
William H. Wheeler, New York, N. Y. 1948 
Frank C. Winterer, (Life Member), St. Paul, Minn. 1920 
David D. Zink, Tulsa, Okla. 1950 
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